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Abstract 
 
The increase of greenhouse gases concentrations in the atmosphere is a major 
driver for global warming and climate change. Carbon dioxide is the primary 
anthropogenic greenhouse gas and is cumulatively responsible for approximately 
55% of greenhouse-gas-related climate forcing, popularly known as "the 
greenhouse effect". Forests play an important role in the carbon cycle and carbon 
sequestration at both local and global scales. Trees remove CO2 from the 
atmosphere through photosynthesis and store carbon in different tree 
components and in the soil. Whether a forest acts as a carbon sink or source 
depends on the difference between photosynthetic uptake and respiratory 
release of CO2. The total flux of CO2 released from the ecosystem (Reco) 
originates form a range of sources, which can be broadly divided into those 
originating from aboveground plant tissues (RAa) and soil (RS). Soil CO2 efflux can 
furthermore be partitioned into belowground autotrophic respiration (roots plus 
associated microorganisms, RAb) and the decomposition of dead organic matter 
(heterotrophic respiration, RH). In order to predict likely changes in ecosystem 
carbon balance under changed environmental conditions, it is therefore 
necessary to identify and quantify the different sources of CO2 efflux and their 
dependence on environmental conditions. For this purpose a combined approach 
based on simultaneous eddy covariance and soil respiration measurements was 
applied in a maritime pine (Pinus pinaster) forest in Central Italy within the 
Regional Park of San Rossore – Migliarino – Massaciuccoli (Tuscany). In 2011 a 
girdling experiment has been developed to partition RS into RH and RAb. The 
experiment started in spring 2011 and the response has been followed till the end 
of 2012. Two weeks after the girdling treatment soil respiration in the girdled plots 
decreased by 30% and remained stable over the period of analysis with an 
average RH/RS that was estimated around 0.70, suggesting that at San Rossore 
site RH dominates RS. The anomalous low rainfall regimen recorded during 2011 
growing season and 2012 summer offered the opportunity to investigate the 
decoupled response of respiration to water availability and temperature. RS and 
RH responded quite predictably to environmental controls. Nevertheless a 
2 
dichotomous response was observed during the hot and dry season and during 
the wetter and colder winter. Soil water availability was the major control of RH 
and RS during the growing season. Severe drought masked the temperature 
response of respiration which was restored only during the wettest periods. At the 
ecosystem scale, it can be estimated that RH and total autotrophic respiration 
(RAt) contributed 40% and 60% of Reco, respectively. Our data suggested that 
photosynthesis was the major driver of RAt throughout the whole observation 
period, thus highlighting the important role exerted by newly assimilated carbon 
on plant tissue respiration. Large and consistent peaks of CO2 emissions were 
recorded from the soil after drying – rewetting cycles, as has been observed in 
many other water limited ecosystems (the so called “Birch effect”). These wet-
days warm-soil respiration peaks contributed to 50 – 70% of Reco and released an 
amount of carbon to the atmosphere that was double the amount emitted during 
the whole dry season. Our data derived from natural field conditions 
unequivocally indicate that the soil CO2 pulses following rewetting of the dry soil 
derived from the rapid microbial oxidation of labile carbon compounds. A delayed 
effect of the water pulse on Rs was also observed, which was ascribed to the 
slower mobilization of more recalcitrant soil organic matter and to the time lag 
requested by recently assimilated photosynthates to be translocated from the 
canopy to the root system. Even though severe summer drought is common at 
this experimental site with a typical Mediterranean climate, the anomaly in the 
precipitation regimen experienced in 2011 and 2012 was unusual and 
significantly impacted the ecosystem carbon balance. Soil water content was 
clearly the main environmental driver for both gross primary productivity (GPP) 
and Reco. Nonetheless, GPP was less affected when trees could still access deep 
soil water reserves with roots. These observations highlight the vulnerability of 
the Mediterranean-type ecosystems not only in terms of their response to 
predicted increasing temperatures but also to changing precipitation patterns. 
This demands for an incorporation of these variables into models for prediction of 
ecosystems’ feedbacks to climate change. Since the capability of an ecosystem 
to be a net sink of CO2 depends on its ability to fix and retain more carbon than 
that is respired back to the atmosphere, carbon losses associated to an 
3 
increased variability of rainfall events could dramatically impact the ecosystem 
carbon balance and determine the fate of this forest of being a net carbon sink or 
source. 
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List of abbreviations 
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Introduction 
 
 
 
 
 
 
 
 
 
 
The increase of greenhouse gases, mainly carbon dioxide (CO2), methane (CH4) 
and nitrous dioxide (N2O), in the atmosphere is a major driver for global warming 
and climate change (Eamus &  Jarvis, 2004; IPCC, 2013). Carbon dioxide is the 
primary anthropogenic greenhouse gas and is cumulatively responsible for 
approximately 55% of greenhouse-gas-related climate forcing, popularly known 
as "the greenhouse effect" (Houghton et al., 1990). Its release to the atmosphere 
as a result of anthropogenic activities such as the burning of fossil fuel and land-
use change, partitions between the atmosphere, ocean, and terrestrial biosphere. 
The flow of CO2 between the different compartments of the Earth system is 
controlled by a complex network of interconnected biotic and abiotic processes 
and transformations which on the whole constitute the global carbon 
biogeochemical cycle. Despite most of these processes are not static and take 
place even in the absence of any human intervention, since the Industrial Era an 
evident perturbation of the global carbon cycle occurred. Over the last decade the 
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closure of the global carbon budget has been a major scientific thrust. Of the 
various reservoirs of CO2, the atmosphere is clearly the most tractable from a 
monitoring point of view. The next most tractable reservoirs for carbon monitoring 
are terrestrial ecosystems. Accurate monitoring of global scale changes in the 
biosphere has become acutely important as the impact of human activities on 
biological systems and atmospheric chemistry grows. An array of international 
programs has inaugurated global satellite observations, critical field 
measurements of carbon and water fluxes and global model development for the 
purpose of beginning to monitor the biosphere. The detection by these programs 
of interannual variability of ecosystem fluxes and of longer term trends will permit 
early indication of fundamental biospheric changes which might otherwise go 
undetected until major biome conversion begins.  
 
Overview of the global carbon cycle 1 
 
Global carbon cycle consists of a series of carbon stocks (or reservoirs) 
connected by fluxes operating cycling processes with different temporal 
dynamics. From a conceptual point of view, fluxes can be divided into fast and 
slow fluxes. Fast fluxes move carbon between ephemeral reservoirs such as the 
atmosphere, the ocean, surface ocean sediments, vegetation, soils and 
freshwaters. Within these reservoirs, carbon residence times range from a few 
years, as for example in the atmosphere, to decades or millennia for ocean, land 
vegetation and soils. Slow fluxes consist mainly of geological processes 
(volcanism, sedimentation, rock weathering and erosion) which exchange small 
quantities of carbon (< 0.3 Pg C yr-1) between slow reservoirs, such as carbon 
stores in rocks and sediments, and the fast domains. As a consequence, turnover 
times of slow reservoirs are 10.000 years or longer and can be assumed 
relatively constant in time with little perturbations induced by human activities 
over the last centuries. Prior to the Industrial Era, carbon recycling within the fast 
reservoirs was closely balanced and in steady state. On the contrary, the 
                                               
1 If not otherwise specified, pools and fluxes reported in this section were derived from 
IPCC (2013), see references 
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combustion of fuel massively extracted from slow geological reservoirs resulted in 
an extraordinary rapid transfer of carbon from the slow into the fast reservoirs. 
Carbon is present in the atmosphere as part of several different trace gases and 
compounds. With a concentration of about 390.5 ppm, CO2 is the more abundant 
airborne compound. The amount of CO2 present in the atmospheric reservoir can 
be estimated to be approximately 828 Pg C. Smaller quantities of carbon are 
present as methane, (CH4, 3.7 Pg C), carbon monoxide (CO, 0.2 Pg C), 
hydrocarbons, black carbon aerosols and organic compounds. With a rate of 123 
± 8 Pg C yr-1, carbon fixation through terrestrial plant photosynthesis (GPP, gross 
primary productivity) represents the principal processes by which CO2 is removed 
from the atmosphere and transferred into vegetal tissues. Carbon is then cycled 
through the different reservoirs of the terrestrial biosphere, including living plant 
biomass (450 – 650 Pg C), litter and soils (1500 – 2400 Pg C), wetlands (300 – 
700 Pg C) and permafrost (1700 Pg C). An amount of carbon approximately 
equivalent to that fixed by GPP is respired back into the atmosphere (118.7 Pg C 
yr-1) by autotrophic and heterotrophic respiration and, to a lesser extent, by 
wildfires. Soil respiration accounts for a large fraction of total land respiration. 
Raich and Potter (1995) estimated that global soil respiration accounts for an 
emission of 77 Pg C yr-1, an amount equal to ∼10% of atmospheric CO2 and 10 
times annual global fossil fuel emissions. As a consequence of the balance 
between carbon fixation by photosynthesis and total respiration, net land flux 
uptake can currently be estimated in the order of 2.6 ± 1.2 Pg C yr-1. 
The extraction and combustion of fossil fuels (coal, oil, gas) and cement 
production currently adds to the atmosphere 7.8 Pg C yr-1 while land use change 
contribute with additional 1.1 Pg C yr-1. Besides these fluxes are smaller when 
compared to natural processes such as photosynthesis and respiration, they 
affect the balance of the global carbon cycle and force a redistribution of carbon 
within the different carbon pools. It has been estimated that of the total 
anthropogenic emissions, slightly more than half adds to the atmospheric carbon 
pool while the remaining part is sequestered by land and ocean ecosystems. 
Schimel et al. (2001) estimated that land ecosystems sequester in plant tissues 
and soils almost one third of anthropogenic emissions, thus highlighting the key 
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role played by the terrestrial biosphere. Rivers and freshwaters represent a direct 
link between the terrestrial and the ocean reservoirs. A smaller but significant 
amount of carbon (1.7 Pg C yr-1) is indeed transferred from soils to freshwaters 
and then either outgassed back into the atmosphere (1 Pg C yr-1), buried in 
sediments (0.2 Pg C yr-1) or exported into the ocean by rivers (0.9 Pg C yr-1).  
Atmospheric carbon redistribute into the ocean by ocean-atmosphere gas 
exchange processes which include both physicochemical and biological 
mechanisms. On the whole, oceans absorb from the atmosphere approximately 
80 Pg C yr-1 and release 78.4 Pg C yr-1. The ocean carbon pool is mainly 
controlled by the superficial dissolution of atmospheric CO2 in the water to form 
carbonic acid (H2CO3), bicarbonate (HCO3-) and carbonate (CO32-) and by the 
subsequent transport of the dissolved inorganic carbon from the ocean’s surface 
into its interior, a physicochemical process commonly referred to as “the solubility 
pump”. In addition, biological processes contribute significantly to the ocean 
carbon cycle. They include the so called “biological pump” and the “marine 
carbonate pump”. The “biological pump” is responsible for the fixation of 
dissolved CO2 into organic matter through photosynthesis by marine 
phytoplankton while the “marine carbonate pump” consists in the formation of 
calcareous shells by specific microorganisms in the surface ocean. The organic 
and inorganic carbon compounds produced by these biological processes sink to 
depth and are, therefore, exported from the ocean’s surface into intermediate and 
deep sea where they are mineralized back into dissolved inorganic carbon and 
calcium ions and partially stored in ocean floor sediments (0.2 Pg C yr-1) for 
millennia or longer time scales. As a result of these processes, intermediate and 
deep sea represent the largest reservoir of carbon of the Earth system (37100 Pg 
C, predominantly as dissolved inorganic carbon). Dissolved organic carbon (700 
Pg C, turnover time of 1000 years or longer) and surface ocean (900 Pg C) 
contribute to a substantial fraction of oceanic carbon stocks. The remaining 
ocean reservoirs are represented by fast cycling (days to weeks) marine biota (3 
Pg C) and ocean floor sediments (1750 Pg C).  
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The ecosystem carbon balance 
 
Ecosystems play an important role in the carbon cycle and carbon sequestration 
at both local and global scales. Plants remove CO2 from the atmosphere and 
convert it into highly energetic organic carbon compounds through 
photosynthesis. Part of this organic carbon is used for the growth of vegetal 
tissues such as leaves, stems, wood and roots. Nonetheless, the catabolism of 
the substrates provides by photosynthesis is also fundamental to sustain plant’s 
energetic demand. During these processes, CO2 is produced and released back 
into the atmosphere through respiration by aboveground plant tissues and roots.  
Excluding carbon exports and grazing, the carbon within vegetal tissues enters 
into the soil reservoir through aboveground litter production and rhizodeposits  
(root litter and exudates). The decomposition of this soil material by 
microorganism provide energy for microbial biomass growth and, at the same 
time, produce CO2 that is released back into the atmosphere through 
heterotrophic respiration.  
The efflux of CO2 at the soil – atmosphere interface when CO2 production and 
transport rate are at a steady state is commonly referred to as total soil 
respiration (RS). Since this flux include the CO2 released by belowground 
autotrophic or root respiration (RAb) and the mineralization of the soil organic 
matter by heterotrophic or microbial respiration (RH), RS can be written as: 
 
RS = RAb + RH         (1) 
 
RS plays a critical role in the carbon cycle both at the ecosystem and global level. 
With a carbon pool of 1500 – 2400 Pg C, soils are the largest terrestrial carbon 
reservoir, four times the atmospheric pool. Within this compartment carbon is 
predominantly present as part of organic compounds characterized by turnover 
times ranging from few days to more than 1000 years for the long-lived humus 
pool (Smil, 2003). It is generally believed that increasing atmospheric CO2 
enhances plant photosynthesis, resulting in net ecosystem carbon uptake, thus 
dampening the rate of human-induced climate change. However, recent works 
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have questioned whether ecosystems will continue to absorb CO2 at the current 
rate, suggesting that stimulation of soil respiration may reduce the sequestration 
of root-derived carbon under elevated CO2. Temperate and boreal forest soils 
alone store, for example, 33% more carbon than the total carbon storage of 
tropical forests and have also the greatest predicted rise in temperature. 
Enhanced soil organic carbon decomposition is predicted as soils warm in 
response to climate change. Consequently, over time, even small changes in soil 
respiration may cause major changes in the land net carbon balance, potentially 
turning a global carbon sink into a net carbon source with feedback implications 
for the global carbon cycle (Cox et al., 2000). Compiling data available from the 
literature, Raich and Schlesinger (1992) estimated that 74% of global soil flux 
derive from decomposition of litter and soil organic matter and the remaining 26% 
from roots and associated mycorrhizae. In order to predict likely changes in soil 
carbon storage under changed environmental conditions, it is therefore 
necessary to identify different sources of soil CO2 efflux and their dependence on 
biological and environmental conditions, such as temperature, soil water 
availability, precipitation amount and distribution.  
At the ecosystem level, the amount of CO2 emitted into the atmosphere (Reco, 
ecosystem respiration) can be considered as the sum of carbon released by 
aboveground autotrophic respiration (RAa) and from the soil. Therefore, according 
to equation (1): 
 
Reco = RAa + RS = RAa + RAb + RH = RAt + RH     (2) 
 
where RAt indicates the total autotrophic respiration derived by both aboveground 
and belowground plant tissues.  
Whether an ecosystem acts as a carbon sink or source depends on the 
difference between the gross photosynthetic uptake (GPP) and the total 
respiratory release of CO2. The net ecosystem productivity (NEP) can therefore 
be expressed as: 
 
NEP = GPP - Reco = GPP - RAa - RS = NPP - RH      (3) 
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where NPP represents the net primary productivity, that is: 
 
NPP = GPP - RAt         (4) 
 
The San Rossore experimental site 
 
During the years of the Ph.D. project, the experimental activities have been 
performed predominantly in the field within the San Rossore experimental site 
managed by the Air and Climate Unit of the Institute for Environment and 
Sustainability of the European Commission – Joint Research Centre. The 
experimental site of San Rossore is part of an international network of bio-
meteorological sites (FLUXNET – http://fluxnet.ornl.gov/)  and European Fluxes 
Database Cluster – http://www.europe-fluxdata.eu/) monitoring annual and 
seasonal CO2 fluxes between the atmosphere and the ecosystem by means of 
the eddy covariance technique (Baldocchi, 2003; Baldocchi et al., 1988). 
Research activities performed within the experimental site were supported by 
framework programs of DG-RTD and DG-JRC. With 13 years of high quality 
continuous measurements San Rossore belongs to 12 of the so called European 
“Golden Sites” and it is the only site within the Mediterranean area with a so long 
dataset. During the past years the site has given the opportunity to several 
national and international institutions to cooperate. Since 2011 San Rossore 
station is planned to be one of the monitoring sites to be recruited under the 
ICOS (Integrated Carbon Observation System) program, a new infrastructure 
selected by ESFRI (European Strategy Forum on Research Infrastructures) to 
provide long-term observations required to understand the present state and 
predict future behavior of climate, carbon cycle and greenhouse gases 
emissions. One of the biggest challenges of San Rossore site is to contribute to 
this effort with particular emphasis on Mediterranean ecosystems dynamics. 
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Goals of the Ph.D. research project 
 
The aims of the Ph.D. research project, whose results are presented in the 
following chapters, were: 
1. To monitor annual and seasonal carbon fluxes between the atmosphere 
and the ecosystem in a Mediterranean forest ecosystem (Pinus pinaster) 
using the micrometeorological eddy covariance technique. 
2. To evaluate ecosystem carbon fluxes response to environmental and 
climatic factors. 
3. To estimate the contribution of individual sources to total soil CO2 efflux 
by means of soil chamber methods and a tree-girdling soil respiration 
partitioning experiment.  
4. To evaluate the temporal dynamics of partitioned components of soil and 
ecosystem respiration and their dependence on biotic and environmental 
controls.  
 
Structure of the Ph.D. thesis 
 
The results of the activities performed during the years of the Ph.D. project are 
presented and discussed in the following three chapters of this manuscript. Each 
chapter is presented as free-standing module that can be read independently by 
the other sections. For this reason, the contents of each chapter are organized as 
the following structure: introduction, materials and methods, results, discussion, 
conclusions, references.  
 
Chapter one deals with ecosystem carbon fluxes derived by means of the eddy 
covariance technique in the San Rossore site during two years (2011 and 2012) 
characterized by contrasting precipitation pattern and carbon balance. While 
2011 was the driest of the last 22 years, 2012 was an average year for what 
concern total annual precipitation. Nonetheless, 2012 experienced a strongly 
dichotomous temporal distribution of rainfall with below mean rainfall in winter 
and summer and above average precipitation in autumn. The evolution of GPP, 
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Reco and net ecosystem exchange (NEE) is described from the diurnal to the 
inter-annual scale with the aim to find the environmental drivers that best define 
the different responses at the ecosystem level. The impact of drought on carbon 
balance is thoroughly discussed, with a particular focus on the consequences of 
the different amount and temporal distribution of rain events on canopy 
photosynthesis and ecosystem respiration measured in the two years. 
Additional material related to this chapter is presented in the appendix. 
 
In chapter two results from a tree girdling experiment to partition soil respiration 
are discussed. Ecosystem fluxes (GPP, Reco, NEE) were analyzed together with 
carbon fluxes measured at the soil level throughout the first year from the girdling 
treatment. This combined, novel approach allowed us to: (1) partition soil fluxes 
into its autotrophic and heterotrophic components; (2) partition total autotrophic 
respiration (RAt) into above and belowground sources; (3) follow the seasonal 
evolution of the partitioned components; (4) analyze in detail what are the 
environmental and biological drivers behind the response of the partitioned 
components of Reco and RS. Particular attention is given to the effect of drought 
and to the response of RS to sudden rain pulses. 
 
Chapter three focuses on observations of carbon fluxes during the exceptionally 
dry year 2012 characterized by a prolonged drought in spring and summer. Data 
from continuous eddy covariance measurements and concomitant periodic 
measurements of soil carbon efflux allowed us to: (1) describe the temporal 
evolution of NEE and RS during the cold winter season, the spring onset of the 
drought phase, the prolonged summer water stress and the subsequent rewetting 
in autumn; (2) investigate simultaneously the response of Reco and RS to different 
environmental drivers and in particular to soil temperature and soil water content; 
(3) capture the temporal dynamics of both ecosystem and soil fluxes response to 
sudden rain pulses on dry soil; (4) quantify the contribution to the carbon balance 
of soil emissions following water pulses.  
This chapter provided the material for the following paper:  
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Matteucci M, Gruening C., Goded Ballarin I., Cescatti A. (2014) Soil and 
ecosystem carbon fluxes in a Mediterranean forest during and after drought. 
Agrochimica, Vol. LVIII – Special Issue, 91-115. 
 
Main results and conclusions 
 
Chapter one: 
Even though severe summer drought is common at the San Rossore 
experimental site with a typical Mediterranean climate, the anomaly in the 
precipitation regimen experienced in 2011 and 2012 was unusual. With a total of 
only 584 mm of rain 2011 was the driest of the last 22 years. The lack of rain was 
particularly severe in the second part of the year. On the contrary, 2012 was 
particularly dry in winter, spring and summer while above average precipitation 
were recorded starting from late August and during the whole autumn season. 
The lack of rain in autumn 2011 and winter 2012 did not allow to recharge the 
deep soil water reserves and, as a consequence, 2012 growing season was 
severely affected by extreme dryness both in the superficial and deep soil layers.  
Soil water content was clearly a key environmental driver for both GPP and Reco. 
Nonetheless it affected photosynthesis and respiration differently. GPP was more 
dependent on total soil water availability while Reco responded quickly to 
superficial soil layers rewetting. As a consequence, GPP was less affected during 
2011 summer drought, when trees could still access deep soil water reserves 
with roots. On the contrary, GPP was markedly lower in autumn 2011 and, most 
importantly, during the entire 2012 growing season when high air temperatures 
and high vapor pressure deficit further limited photosynthetic capacity. During dry 
periods Reco was less depressed compared to GPP but large CO2 emissions were 
recorded soon after rewetting of the superficial soil layers. This phenomenon was 
particularly evident during October 2012 when the soil was still warm to support 
high soil respiration rates. The sum of the preceding anomalies, i.e. lower spring 
and summer carbon assimilation and exceptional autumn emissions, affected 
2012 carbon budget to the point that, on an yearly basis, the ecosystem turned 
into a net carbon source.  
17 
These observations highlight the vulnerability of Mediterranean-type ecosystems 
not only in terms of their response to predicted increasing temperatures but also 
to changing precipitation patterns. 
 
Chapter two: 
Data derived from the tree-girdling experiment showed that RS response was 
clearly driven by RH whose contribution averaged to 70% of RS, with higher peaks 
after rain events.  RH and RS responded quite predictably to environmental 
controls. Nevertheless a dichotomous response was observed during the hot and 
dry growing season and during the wetter and colder winter. Soil water availability 
was the major control of RH during the growing season (May to October). During 
this period, severe drought masked the temperature response of respiration 
which was restored only during the wettest days and from November to March. At 
the ecosystem scale, it can be estimated that heterotrophic and autotrophic 
sources contributed 40% and 60% of Reco, respectively. The amount of carbon 
released back into the atmosphere derived principally from RAa. Data suggested 
that photosynthesis was the major driver of RAt throughout the whole observation 
period, thus highlighting the important role exerted by newly assimilated carbon. 
Large and consistent peaks of CO2 releases were recorded from the soil after 
drying – rewetting cycles, as has been observed in many water limited 
ecosystems. Our data, derived from natural field conditions, unequivocally 
indicated that the quick soil CO2 pulse derived from the rapid microbial oxidation 
of labile carbon compounds. Nonetheless it was observed also a delayed effect 
of the water pulse on RS which can be ascribed to the slower mobilization of more 
recalcitrant SOM and to the time lag requested by recently assimilated 
photosynthates to be translocated from the canopy to the root system. 
On the whole, these data highlight the complexity of the processes responsible 
for the release of CO2 from the ecosystem.  
 
Chapter three: 
The summer of 2012 was the driest of the last 77 years, with a total of only 7 mm 
of rain from June to late August. From the end of August several intermittent 
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medium sized rain events caused quick transient boosts in superficial SWC 
followed by dry-down periods during which SWC almost returned to basal 
summer values. During the drought season soil carbon efflux was limited by low 
SWC and reached annual minimum values, whereas large emissions of carbon 
were recorded after rain events. The increase in soil respiration was particularly 
intense when water pulses occurred on warm soil that was dry for several 
consecutive days. These wet-days warm-soil respiration peaks contributed to 50 
– 70% of the total ecosystem respiration and released an amount of carbon twice 
the emissions of the entire dry season, thus accounting for a large fraction of the 
ecosystem annual carbon balance assessed by the eddy covariance technique. 
When water availability was not limiting respiration, both soil and ecosystem 
respiration showed a strong dependence on soil temperature and had similar 
temperature sensitivities. This was the reason for the strong suppression of soil 
respiration in 2012 winter months when a cold spell hit Italy and caused a low 
temperature anomaly. The combined analysis of eddy covariance and soil 
respiration data allowed us to partition total ecosystem respiration into soil and 
above ground respiration and to asses that carbon releases of autotrophic origin 
were not significantly affected by the dichotomic temporal distribution of the 
rainfall experienced in 2012 warm season. This suggests that heterotrophic 
respiration is the component of the ecosystem that is most sensitive towards 
scattered precipitation patterns, at least for short periods. 
These findings confirm previous studies performed in several other 
Mediterranean-type ecosystems worldwide and suggest that an increase in the 
number of medium sized rain events at the expenses of larger rainfall could 
dramatically impact the carbon balance and determine the fate of  the ecosystem 
of being a net carbon sink or source. 
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Chapter one 
Carbon fluxes at the ecosystem level 
 
 
 
 
 
 
 
 
1.1 Introduction 
 
In nature, environmental variables change in space and time with a variation in 
size and speed of several orders of magnitude. Superimposed to fast changing 
daily fluctuations of key environmental factors, such as light amount and 
temperature, there are several variables whose variation is appreciable in a more 
dilated time-scale ranging from weeks to years. Amount and distribution of 
precipitation, groundwater availability, heat waves and drought, plant 
phenophases, changes in ecosystem structure and composition, pests, land use 
change and management practices represent some examples of factors whose 
effect on ecosystem functioning is appreciable on longer time-scales. 
Understanding how ecosystems will respond to this variability is of fundamental 
importance to predict the effect of climate change. 
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The feedback between increasing atmospheric concentration of greenhouse 
gases, such as CO2 of anthropogenic origin, and warmer air temperatures is 
known since long time. More recently, it has been also widely recognized that a 
global perturbation of rainfall regimen is currently ongoing and that it will likely 
increase in the future (IPCC, 2013). The effect of altered water balance will be 
particularly challenging for the Mediterranean area where, by the end of this 
century, an increase in the mean annual temperature (+2.2°C ~ 5.1°C) is 
expected to be accompanied by a simultaneous decrease of mean precipitation (-
4% ~ 27%) (Christensen et al., 2007). Moreover, drought may be exacerbated by 
a perturbation of the rainfall distribution. This is more likely to happen when 
extended periods of lack of rain during summer are followed by short-timed 
intensive precipitations that could not sufficiently infiltrate into the soil and 
therefore could not recharge deep soil water reserves (Rambal &  Debussche, 
1995). Despite the impact of increasing air temperatures and atmospheric CO2 
concentration on ecosystem processes have been extensively studied in the 
past, the effect of altered precipitation pattern on carbon cycle has received less 
attention until recent years. Nonetheless, these events have the potentiality to 
affect the vulnerability of ecosystems and increase the risks of carbon cycle 
perturbations whose long-term effects on climate change feedbacks are still 
largely unknown (IPCC, 2012; Knapp et al., 2008; van Oijen et al., 2013). Using a 
novel approach for probabilistic risk assessment of carbon cycle perturbations, 
van Oijen et al. (2013) recently found that the vulnerability of European conifer 
forests to drought is expected to increase by the end of this century particularly in 
Southern Europe and in the Mediterranean area, where drought probability will 
be highest. 
The ability of an ecosystem to be a net sink or source of CO2 depends on the 
balance between the carbon assimilated by photosynthesis and the carbon 
released back to the atmosphere through respiration. In terrestrial ecosystems 
this balance is mainly a result of biological processes that take place in plant 
tissues and in soil and is, therefore, strongly affected by several biotic and abiotic 
factors. Under this point of view, climatic anomalies (such as heat waves, 
droughts and altered precipitation patterns) provide a unique opportunity to gain 
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experimental information on biotic and abiotic controls of ecosystem processes 
that will likely be affected under future climate change scenarios.  
The impact of altered precipitation patterns may affect ecosystem carbon balance 
in contrasting ways depending on whether the climatic trajectory will evolve 
toward a general decrease of total rainfall or a more pronounced variation of the 
temporal distribution of rain events within the year. Although both scenarios will 
be associated to extended drought periods, in the first case a reduction is 
expected of both photosynthetic capacity and respiration processes. The 
resulting effect on net ecosystem carbon exchange will depend, therefore, on 
which of the two components, photosynthesis or respiration, will be more affected 
relative to the other (Reichstein et al., 2007). For example, during the European 
heat wave and drought of 2003, it was possible to demonstrate that there was a 
30 per cent reduction in gross primary productivity (GPP) over Europe. Such a 
reduction was paralleled by a reduction of ecosystem carbon respiration (Reco) 
induced by the extended lack of rain associated to the heat wave (Granier et al., 
2007). On the whole, GPP was more affected than Reco and, as a consequence, 
this resulted in an anomalous net source of carbon dioxide to the atmosphere, 
reversing the effect of four years of net ecosystem carbon sequestration (Ciais et 
al., 2005; Janssens et al., 2003). This limiting effect of drought on ecosystem 
carbon fluxes have been reported also by other authors (Aires et al., 2008; 
Pereira et al., 2007; Reichstein et al., 2007; Reichstein et al., 2002a).  
On the contrary, if the projections of altered rainfall regimen will evolve toward a 
more scattered temporal distribution of rain pulses, the impact on ecosystem 
carbon emissions might be opposite. Indeed, several studies highlighted that 
carbon fluxes in seasonal water limited ecosystems are strongly dependent on 
the temporal distribution of rain pulses (Almagro et al., 2009; Borken &  Matzner, 
2009; Jongen et al., 2011; Ross et al., 2012). In particular, quick and large CO2 
emissions have been measured immediately after rewetting of the dry soil (Jarvis 
et al., 2007; Unger et al., 2012). This phenomenon, known as the “Birch effect”, is 
responsible for the release of large amount of CO2 when compared to the typical 
emissions of the dry season and can substantially affect the annual carbon 
balance (Birch, 1958; Inglima et al., 2009; Jarvis et al., 2007; Xu et al., 2004). 
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The carbon released into the atmosphere upon rewetting of the dry soil has the 
potentiality to reverse the ecosystem from a net sink to a source of CO2 (Parton 
et al., 2012). This suggests that, beyond the actual amount of total rainfall, the 
shift toward more frequent medium sized rain events may dramatically impact the 
ecosystem carbon balance. 
This chapter analyzes ecosystem carbon fluxes derived by means of the eddy 
covariance technique in a Mediterranean pine forest (Pinus pinaster) in Central 
Italy during two years (2011 and 2012) characterized by contrasting precipitation 
pattern and carbon balance. While 2011 was the driest of the last 22 years, 2012 
was an average year for what concern total annual precipitation. Nonetheless, it 
experienced a strongly dichotomous temporal distribution of rainfall with below 
mean rainfall in winter and summer and above average precipitation in autumn. 
The evolution of GPP, Reco and net ecosystem exchange (NEE) is analyzed from 
the diurnal to the inter-annual scale with the aim to find the environmental drivers 
that best describe the different responses at the ecosystem level. The impact of 
drought on carbon balance is thoroughly discussed, with a particular focus on the 
consequences of the different amount and temporal distribution of rain events on 
canopy photosynthesis and ecosystem respiration measured in the two years. 
 
1.2 Materials and methods 
 
Site description 
 
The study site is located in a maritime pine forest in Central Italy (Tuscany). The 
experimental area lies within the boundaries of the Regional Park of San Rossore 
– Migliarino – Massaciuccoli (43°43’43’’ N, 10°17’ 13’’ E, 6 m a.s.l.), in an almost 
flat area (slope < 3%) characterized by the presence of sandy dunes and located 
between the Arno and Serchio rivers, 800 m inland from the sea cost.  
The climate is characterized by typical Mediterranean climate with humid and 
mild winter and dry and hot summer. The mean long term 1980 - 2012 annual air 
temperature is 15.35 °C, with the highest value measured in August (24.16 °C) 
and the lowest in January (7.40 °C). Mean 1980 - 2012 annual precipitation 
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amounts to 883 mm, 50% of this being concentrated in autumn. The driest month 
is July with a mean rainfall of 18 mm, while October and November are the 
wettest with 138 mm each. Long term precipitation and air temperature data were 
obtained from a meteorological station located at a distance of approximately 10 
km (Regional Hydrologic Service of Tuscany). Starting from 2000 meteo data 
have been collected at the San Rossore site. The wind regimen is charachterized 
by a sea – land breeze circulation, i.e. the air flows quite predictable from west 
(sea) during the day and from east (land) during the night. 
The dominant species is Pinus pinaster Ait. with sparse Pinus pinea L. and 
Quercus ilex L. trees. The average stem density is 565 trees ha-1, diameter at 
breast height is 29 cm and the average canopy height is 18 m. Ground 
vegetation is represented by sparse Erica arborea, Phyllirea angustifolia, 
Rhamnus alaternus and Myrtus communis. The vegetation naturally renovated 
following a wildfire in 1944 and therefore was, at the moment of this study, 67 
years old. Root biomass is concentrated between 0 and 40 cm but maritime pine 
can reach the water table with the taproot. 
The soil is a sandy calcareous regosoil with a content of 93% sand, 4% clay and 
3% silt in the first 10 cm of the soil profile. The organic layer has a thickness of 
2.7 ± 0.4 cm, 43.8% soil organic carbon content, C/N ratio of 32.5 and pH 4.4. 
Carbon content and C/N ratio is, respectively, 13.9% and 30 in the uppermost 1 
cm of mineral soil, 1% and 13.5 in 10 cm deep mineral soil (Rosenkranz et al., 
2006).  
 
Eddy covariance CO2 flux measurement and partitioning 
 
Fluxes of CO2, H2O and sensible heat have been measured continuously on a 
half-hourly basis starting from 1999 by means of the eddy covariance technique 
(Baldocchi et al., 1988). Net ecosystem CO2 exchange (NEE) was determined as 
the CO2 flux (Fc) calculated as the covariance between fluctuations in vertical 
wind speed (w’) and CO2 concentration (c’): 
 
𝐹𝑐 ≈ 𝑤′𝑐′         (1.1) 
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where the overbar denotes the time average. In the two years of the study (2011 
and 2012) measurements were performed using an open-path infra-red gas 
analyzer (IRGA; LI-7500, Li-Cor, Lincoln NE, USA), and a 3-dimensional sonic 
anemometer (R3, Gill instruments, Lymington, UK), both installed above forest 
canopy on top of a retractable mast at a height of 23 m from the ground level. 
Raw data were logged at 10 Hz on a local laptop connected to the sonic 
anemometer by means of EddyMeas software (Olaf Kolle, www.bgc-
jena.mpg.de).  Eddy fluxes were calculated as 30 minute averages according to 
EUROFLUX methodology (Aubinet et al., 2000). EdiRe software package (R. 
Clement, University of Edinburgh, 
http://www.geos.ed.ac.uk/abs/research/micromet/EdiRe) was used for data 
elaboration, including frequency and Webb – Pearman – Leuning  correction, and 
for data evaluation. Half-hourly data were classified according to the quality flag 
system (QF = 0, 1, 2) developed during the 2nd CarboEurope Workshop. Data 
measured when the theoretical requirements of the eddy covariance technique 
were not met (data belonging to class 2) were discarded. Data were additionally 
filtered for friction velocity (u*) and only fluxes obtained during periods with 0.196 
< u* < 0.948 were further considered. Data discarded after u*-filtering were 22% 
and 15% in 2011 and 2012, respectively. On the whole, coverage with good data 
amounted to  58% and 39% of the total period in 2011 and 2012, respectively. 
Missing data were replaced with the online eddy covariance data gap-filling and 
flux-partitioning tool (Reichstein et al. (2005), see also  www.bgc-
jena.mpg.de/~MDIwork/eddyproc/method.php). Using the online tool, the 
partitioning of the measured NEE into GPP and Reco was achieved employing a 
stepwise procedure and algorithms (Owen et al., 2007). With the equation 
introduced by Lloyd and Taylor (1994), this procedure established a short-term 
temperature dependent ecosystem respiration from turbulent night-time data in 
order to estimate the parameters of the following daytime respiration equation: 
 
𝑅𝑒𝑐𝑜 = 𝑅𝑟𝑒𝑓 × 𝑒𝐸0×��1 𝑇𝑟𝑒𝑓−𝑇0⁄ �−(1 𝑇𝑎𝑖𝑟−𝑇0⁄ )�     (1.2) 
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where Tref  is 10 ºC, T0 is constant (−46.02 ºC), Tair is air temperature, E0 is the 
activation energy, and Rref is the reference ecosystem respiration at 10 ºC. Initial 
estimates for E0 were based on time windows of 10 days and a step of 4 days 
plus assuming a constant value for E0 during the year (Reichstein et al., 2005). 
Time dependent changes in Reco were obtained through an estimation of Rref 
using the window of 10 days and a step of 4 days. The final value of Reco for each 
half-hour was calculated using the values of Rref and constant E0. GPP was then 
obtained as: 
 GPP = 𝑅𝑒𝑐𝑜 − NEE         (1.3) 
 
Within this work the convention of positive values for both GPP and Reco has 
been followed. Therefore, NEE fluxes with a positive sign indicate net carbon 
losses from the ecosystem while a negative sign indicates a net carbon uptake. 
 
Meteorological data and environmental parameters 
 
Rainfall was measured above canopy with an ARG100 rain gauge 
(Environmental Measurements, North Shields, UK).  Since small precipitation 
events were unable to affect superficial SWC due to canopy interception, for the 
purpose of this work a rainy day is defined as day with a total daily rainfall ≥ 
5mm. Air temperature and relative humidity were measured with a thermistor and 
capacitive relative humidity sensor probe (RTF2, UMS, Munich, DE). The 
incoming short wavelength solar radiation was measured with a Li-200 
Pyranometer (Li-Cor, Lincoln NE, USA). Total and diffuse photosynthetic active 
radiation (PAR) plus the sunshine state were measured with a sunshine sensor 
(BF3, Delta-T, Cambridge, UK). Several sensors in the proximity of the eddy 
covariance tower allowed for the continuous recording of volumetric soil water 
content (SWC) vertical profile at 10 cm , 50 cm and 120 cm (Trime-Mux 6, time 
domain reflectometry probes, IMKO, Ettlingen, DE), soil temperature vertical 
profile at 3 cm, 15 cm and 50 cm (PT-1000 temperature sensors), water table 
depth (Micro-Diver DI6xxx, Schlumberger Water Services, Houston TX, USA) 
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and soil heat flux (HFP01, Hukseflux, Delft, NL). Half-hourly averages of 
meteorological and environmental parameters were stored locally on a 
datalogging system (DL2e datalogger, Delta-T, Cambridge, UK). In order to 
describe the seasonal environmental conditions ,within this work seasons are 
defined as the following time-periods: winter (January – March), spring (April – 
June), summer (July – September) and autumn (October – December). 
 
Data analysis (light response curves and temperature sensitivity) 
 
NEE light response curves were assessed fitting a Michaelis – Menten 
rectangular hyperbola to the scatter between half-hourly NEE and photosynthetic 
photon flux density (PPFD), as the following function (Kowalski et al., 2003; 
Ruimy et al., 1995): 
 
𝑁𝐸𝐸 = 𝐺𝑃𝑃𝑚𝑎𝑥×𝑃𝑃𝐹𝐷
𝐾+𝑃𝑃𝐹𝐷
+ 𝑅𝑒𝑐𝑜       (1.4) 
 
where GPPmax is gross primary productivity at saturating light and K is the value 
of PPFD at which NEE is half of GPPmax. Because the apparent quantum yield (α) 
can be determined by the ratio: 
 
𝛼 = 𝐺𝑃𝑃𝑚𝑎𝑥
𝐾
          (1.5) 
 
equation (1.4) can be rewritten also as: 
 
𝑁𝐸𝐸 = 𝛼×𝐺𝑃𝑃𝑚𝑎𝑥×𝑃𝑃𝐹𝐷
𝛼×𝑃𝑃𝐹𝐷+𝐺𝑃𝑃𝑚𝑎𝑥 + 𝑅𝑒𝑐𝑜       (1.6) 
 
Following Ruimy et al. (1995) the parameters of the fitted equation were used to 
calculate the canopy scale photosynthetic capacity, defined as GPP at PPFD = 
1800 μmol m-2 s-1  (GPP1800). 
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The relationship between temperature and ecosystem respiration was fitted using 
the simple empirical exponential model proposed by Vant’Hoff: 
 
𝑅𝑥 = 𝑅0 × 𝑒𝛽𝑇          (1.7) 
 
where Rx is the measured respiration rate (Reco), R0 is the respiration rate at 0°C, 
β is a temperature response coefficient and T is either air or soil temperature. 
The temperature sensitivity coefficient describing the change in respiration 
caused by a change in temperature by 10°C is defined as: 
 
𝑄10 =  𝑅𝑇0+10𝑅𝑇0            (1.8) 
 
where 𝑅𝑇0 and 𝑅𝑇0+10 are the respiration rates at temperatures T0 and T0+10, 
respectively. Q10 can be estimated from the coefficient β of regression equation 
(1.7), as follows: 
 
𝑄10 = 𝑒10𝛽          (1.9) 
 
and, as a consequence, equation (1.7) can be rewritten also as: 
 
𝑅𝑥 =  𝑅0 ×  𝑄10𝑇 10�           (1.10) 
 
1.3 Results and discussion 
 
Inter-annual variability of NEE 
 
Fig. 1.1 shows the inter-annual variability of the net ecosystem carbon exchange 
(NEE) at the San Rossore site since the start of the eddy covariance 
measurements in 2000. Each year is represented as a point in a Cartesian 
coordinate system by a pair of numerical coordinates indicating the mean 
temperature and total precipitation. The variability of NEE is also presented for 
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Figure 1.1 
Scatter plots of total precipitation versus mean air temperature for the period 2000 -2012. 
Panel (a) represents yearly values, panels (b) and (c) the central part and the last part of 
the growing season, respectively. The size of the dots is proportional to the annual 
carbon balance (NEE). Light gray dots indicate a net carbon uptake (NEE values 
negative) while dark grey dots are years with a net carbon loss (NEE values positive). 
Dotted lines are long term (1980-2012) precipitation and air temperature averages. 
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two periods of pine maximum physiological activity: central growing season (from 
June to July) and late growing season (from August to October). 
On an annual basis, 2011 was the driest year of the observation period while 
2012 was an average year. Nonetheless, these two years experienced a 
contrasting distribution of rain during the growing season. 2011 was average in 
June and July and the driest year from August to October while 2012 was 
opposite (i.e. the driest year in June and July and average from August to 
October). On an annual basis, 2012 was characterized by a positive net carbon 
balance (i.e. there was a net release of CO2 to the atmosphere). The largest part 
of the emissions originated from August to October, 2012 being the year with the 
strongest emission of the whole observation period. These late growing season 
emissions outbalanced the small amount of carbon stored by the forest during the 
first part of the year. On the contrary, such large carbon emissions were absent in 
the dry 2011. It is important to note also that 2008 was the second year with the 
highest net emissions in the period August – October and, similarly to 2012, the 
second driest year in the period from June to July. 
2003 was clearly the warmest year of the whole dataset both at the annual and 
seasonal scale. Nevertheless, it did not experience a large variability in rainfall 
within the growing season and retained its ability to be a net carbon sink. 
 
Daily time series of environmental variables and NEE fluxes in 2011 and 2012 
 
The daily temporal evolution of the main environmental variables (air and soil 
temperature, SWC, precipitation) and NEE fluxes recorded at the San Rossore 
experimental site during 2011 and 2012 is illustrated in Fig. 1.2.1 and Fig. 1.2.2, 
respectively.  
Consistently with the typical Mediterranean climate of the region, air temperature 
showed a similar annual trend in both years with December, January and 
February being the coldest months (mean air temperature of 8°C and 6°C in 
2011 and 2012 respectively) and July and August the warmest (mean air 
temperature of 23°C and 24°C in 2011 and 2012, respectively). Mean annual air 
temperature was similar in both years (15°C) but in February 2012 was recorded 
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Figure 1.2.1 and 1.2.2 (following page) 
2011 (Fig. 1.2.1) and 2012 (Fig. 1.2.2, following page) annual time series course of: (a) 
mean daily air temperature (T air), mean daily superficial (3 cm) soil temperature (T soil), 
mean daily vapor pressure deficit (VPD); (b) total daily precipitation (PPT), mean daily 
superficial (10 cm) and deep (50 cm, 120 cm) volumetric soil water content (SWC); (c) 
values of daily and cumulated net ecosystem exchange (NEE and NEEcum, 
respectively). 
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Figure 1.2.2 
See previous page. 
34 
an anomaly with air temperature 4°C under the long term (1980-2012) mean. 
This unusually cold weather was due to an incursion of persistent cold polar air 
from northern Russia that hit the whole Europe starting from mid of January 
(WMO, 2012). 
Soil and air temperature were strongly correlated (r=0.98, p<0.0001) and followed 
a similar seasonal evolution. Nonetheless, soil temperature showed a dampened 
and smoothed trend compared to air temperature. At the daily timescale there 
was no time lag between air and soil temperature. However, after applying a time 
lagged cross correlation function to the high resolution half-hourly datasets a 
phase shift of 2 h between the two time series was found. This is in line with the 
time lag median value observed across other FLUXNET sites and it can be 
associated to physical heat transportation processes at the soil-atmosphere 
interface (Lasslop et al., 2012).  
When considering precipitation pattern, 2011 and 2012 differed significantly both 
in terms of cumulated annual amount and seasonal distribution. With a total of 
only 584 mm of rain, 2011 was the driest of the last 22 years. On an annual 
basis, 2011 precipitation was 34% lower than the long term mean (883 mm). The 
lack of rain started in early April and lasted till mid of December: during this 
period rain events never exceeded 20 mm day-1 and, on the whole, only 15 days 
registered rainfall above 5 mm day-1. The scattered distribution of precipitation 
translated in several extended droughts during the entire growing season (May – 
October) when superficial SWC reached values as low as 4% in central part of 
the summer. While severe summer drought is common at this experimental site 
with a typical Mediterranean climate, the substantial absence of any significant 
rain event experienced in 2011 autumn was unusual. Indeed, whilst in an 
average year almost 400 mm of rain occur in this season, November being the 
wettest month of the year, in autumn 2011 there was less than half rain (184 
mm). The lack of rainfall persisted also in the first months of 2012 when 
superficial SWC never exceeded the 10% threshold. In spring, several medium 
sized (<20 mm day-1) rain events transiently relieved water stress and an 
exceptional long-lasting drought was experienced starting from late spring 2012. 
With a cumulative rain of only 7 mm, June and in July 2012 were the driest 
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months since 1935. The complete absence of rain in the central part of 2012 was 
shouldered by above mean water inputs in spring (April and May) and in the 
second part of the year (August, September, November and December). As a 
consequence of this dichotomous temporal distribution of the rainfall, 2012 
growing season was split in two: the first half (from late May to late August) 
characterized by extreme drought (SWC under 5% for 86 consecutive days) and 
the second half (from late August to the end of December) with a consistent 
rewetting (Fig. 1.2.2b). 
On the whole, total water reserves were greater in 2011 than in 2012 thanks to 
higher SWC in the deeper soil layers (Fig. 1.2.1b vs. Fig. 1.2.2b). 
Daily-integrated NEE fluxes between the forest and the atmosphere (Fig. 1.2.1c 
and Fig. 1.2.2c) exhibited a similar pattern in the first part of the two years with 
the ecosystem acting as a small carbon sink (NEE values negative). Starting from 
spring, carbon uptake gradually raised and reached maximum values in June. 
Despite similar temporal patterns, carbon assimilation during the growing season 
was greater in 2011. With the onset of the summer drought CO2 assimilation 
weakened: several days with net CO2 emissions (NEE values positive) were 
recorded starting from the end of July in 2011 and as early as end of June in 
2012. Large emissions were logged in autumn after rain pulses and they were 
particularly evident in 2012. The analysis of the annual carbon budget revealed a 
contrasting balance between the two years. On the whole, 2011 was a net 
carbon sink (NEE = -91 g C m-2 year-1). On the contrary, the considerably larger 
emissions in the second part of 2012 outbalanced springtime carbon assimilation 
and, starting from late September, the ecosystem reverted to a net carbon source 
(NEE = 220 g C m-2 year-1). In order to better understand how the distribution of 
precipitation affected the ecosystem capability to act as a carbon sink or source it 
is, therefore, fundamental to investigate in more detail the impact of the 
environmental variables on the two fluxes contributing to NEE: gross primary 
productivity (GPP) and ecosystem respiration (Reco). 
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Diurnal cycle of NEE, Reco and GPP 
 
At the ecosystem level, carbon fluxes of abiotic origin between the biosphere and 
the atmosphere (i.e. geologic emissions and soil CO2 degassing) are negligible. 
NEE represents, therefore, the balance between the carbon assimilated by plants 
photosynthesis and the carbon released back into the atmosphere by autotrophic 
and heterotrophic respiratory processes (Goulden et al., 1996; Lee et al., 2004). 
These biological processes are affected by environmental variables whose 
variation differs in the size and speed during the day. 
Fig. 1.3 shows the diurnal pattern of NEE, Reco and GPP in selected months of 
the year with peculiar phenological stages or meteorological conditions: February 
(winter cold season), June (spring maximum plants’ physiological activity), 
August (peak of high temperature and summer drought) and October (autumnal 
post drought rewetting). A comprehensive illustration of the diurnal pattern for 
each month of the year is presented in the Appendices for ecosystem carbon 
fluxes and the major environmental variables as well. The charts show that NEE, 
Reco and GPP followed a similar diurnal pattern in 2011 and 2012. The diurnal 
cycle of NEE was largely driven by midday GPP while Reco showed a more 
constant diurnal pattern throughout the day, with any appreciable difference 
between nighttime and daytime fluxes. During hot and dry periods, a strong 
suppression of photosynthetic activity occurred from midmorning to midafternoon 
(see as example August GPP in Fig. 1.3). Since the photosynthetic photon flux 
density (PPFD) reached similar values in spring and summer, this suppression 
can be associated to stomatal limitation induced by the higher VPD values typical 
of summer (Table 1.1). As a consequence of the long lasting drought 
experienced in 2012, a stronger reduction of GPP was present in August 2012. 
Nonetheless, the resulting effect on NEE was similar because Reco was lower as 
well. Despite Reco fluxes were double in October 2012, higher GPP partially 
compensated for the stronger emissions and midday NEE was similar. On the 
contrary, GPP and Reco fluxes were suppressed in October 2011 and reached 
almost the same rates measured in the colder February. 
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These differences can be related to the different meteorological conditions 
experienced in the two years and, in particular, to different timing of the drought 
and rewetting periods.  
This effect will be discussed in more detail in the following sections. 
 
 
 
Figure 1.3 
Diurnal pattern of NEE, Reco and GPP in selected months of the year with peculiar 
phenological stages or meteorological conditions: February (winter cold season), June 
(spring maximum plants’ physiological activity), August (peak of high temperature and 
summer drought) and October (autumnal post drought rewetting). Each point is the mean 
of half-hourly binned data.  A comprehensive illustration of the diurnal pattern for each 
month of the year is presented in the Appendices for ecosystem carbon fluxes and the 
major environmental variables as well. 
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Effect of drought on the seasonal trend of NEE, GPP and Reco 
 
Fig. 1.4 shows the monthly-integrated values of NEE, GPP and Reco in 2011 and 
2012. In the upper panels are shown, as a reference, the pattern of monthly 
cumulated photosynthetic photon flux density (PPFD), total monthly precipitation 
and mean monthly air temperature.  
During the two years of the study, the general trend of the seasonal 
photosynthetic activity followed a typical bell shaped curve, with low values 
during winter cold months and a peak in spring (June) when PPFD, air 
temperature and soil water reserves reached an optimal equilibrium to stimulate 
the maximal biochemical carboxylation operated by enzyme ribulose-1,5-
bisphosphate carboxylase oxygenase (Rubisco). With the onset of the dry 
season, concomitant high air temperatures, high solar irradiation and little 
precipitation translated into high evapotranspiration with development of water 
stress conditions and, as a consequence, GPP markedly declined. A second, 
smaller peak of GPP occurred in late summer and early autumn 2012 when water 
stress was relieved by precipitation (Fig. 1.4d).  
 
 
Figure 1.4 
Monthly mean air temperature (T air), cumulated photosynthetic photon flux density 
(PPFD) (upper panels) and monthly-integrated values of NEE, GPP and Reco (lower 
panels) in 2011 (a-b) and 2012 (c-d). 
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In the first part of the year, ecosystem respiration paralleled GPP evolution and 
reached a first peak in spring. With the onset of the dry season, a general 
depression of Reco was recorded in both years. A late Reco peak was present in 
autumn when air temperature was still high and rain pulses stimulated high soil 
respiration. This effect was particularly evident in autumn 2012 when Reco was 
remarkably greater than 2011 (Fig. 1.4d). 
The comparison of 2011 and 2012 monthly carbon fluxes against long term (2000 
– 2012) averages evidenced some additional interesting facts (Fig. 1.5): 
1) At the monthly scale, the ecosystem started to release a net amount of 
CO2 into the atmosphere a month in advance in 2012 than in 2011. 
Compared to the long term seasonal trend, a phase shift toward an 
anticipation of the first month of the year with NEE positive values was 
recorded also for 2011 (Fig. 1.5a). 
2) A consistent difference in GPP fluxes was recorded in spring and summer 
both in terms of absolute values and timings:  
- GPP dropped more quickly in July and August 2012 when it reached 
values 24% lower than in 2011 (and 23% lower than the long term 
average). 
- GPP summer decline started a month earlier in 2012 than in 2011 
(July vs. August). In August 2012 GPP dropped by 43% relative to 
June value. Finally, GPP was 24% lower in October 2011 than in 2012 
(and 22% lower than the long term average) (Fig. 1.5b). 
3) In October 2012, Reco was double (+108%) that of 2011 (and 49% higher 
than the long term average) (Fig. 1.5c). 
The sum of the preceding anomalies, i.e. lower spring and summer carbon 
assimilation and exceptional autumn emissions, affected 2012 carbon budget to 
the point that, on a yearly basis, 2012 turned into a net carbon source (Fig. 1.2.2c 
and Table 1.1). On the contrary, in 2011, the carbon released from the 
ecosystem in autumn did not outbalance the carbon assimilated by 
photosynthesis from January to July and the ecosystem retained its ability to be a 
net carbon sink (Fig. 1.2.1c and Table 1.1). This was because 2011 was quite 
average for what concern GPP and it did not experience the large CO2 emissions  
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Figure 1.5 
Seasonal course of 2011 and 2012 monthly fluxes of NEE (a), GPP (b) and Reco (c) 
against long-term (2000-2012) monthly averages (± SE). 
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that, on the contrary, characterized the second part of 2012. 
The different sign of the carbon balance between 2011 and 2012 was related to 
the contrasting meteorological conditions. As has been outlined in the previous 
paragraphs, the main environmental variable that differed markedly between the 
two years was the amount and distribution of precipitation events.  
It is worth noting that the reduction of 2012 GPP was associated to extreme dry 
conditions in the period of the year where photosynthesis should have been 
maximum, i.e spring and summer (Table 1.1). Indeed, from January to October 
2012, superficial SWC rarely exceeded 10% and when it happened it was only for 
short time periods (Fig. 1.2.2b). Nonetheless, compared to 2011, 2012 GPP 
reduction was larger than expected based only on the superficial SWC. Spring 
and summer 2011 were indeed almost as dry as in 2012 and, on the whole, 
received even less rain (Table 1.1). Under this point of view, it is also important to 
note that 2012 deep soil water reserves (i.e. SWC at 50 cm and 120 cm depth) 
were severely depleted compared to 2011 (Fig. 1.2.2b - see also Appendix). This 
was due to a combination of factors: firstly, soil water conditions at the start of 
2012 still carried the legacy of the prolonged drought experienced in summer and 
autumn 2011; secondarily, 2012 winter was exceptionally dry (50% less rain than 
the long term average). Therefore, the timing of the drought severely impaired the 
ecosystem opportunity to recharge deep soil water reserves in two periods of the 
year when rainfall should have been more abundant (i.e autumn 2011 and winter 
2012).  
An opposite pattern was experienced in October when GPP showed a second 
peak of activity in 2012 while it was 31% lower in 2011. This could be explained 
by the fact that starting from the end of the summer 2012 soil water reserves 
started to be recharged by above mean precipitation while, on the contrary, 2011 
soil water reserves reached the annual minimum at the end of the growing 
season. The CO2 assimilated in October was larger in 2012 despite the lower 
PAR associated to increased cloud coverage due to a higher number of rainy 
days. Keeping into account the whole autumn season, GPP was similar between 
the two years. Indeed, at the end of year, photosynthesis starts to be constrained 
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by other environmental drivers (mainly lower PAR) and the effect of soil water 
became less visible (Table 1.1).  
In seasonally dry ecosystems, deep-rooted trees have the ability to be more 
drought tolerant than shallow-rooted plants thanks to their ability to access deep 
water reserves (Huxman et al., 2004b; Ogle &  Reynolds, 2004; Reichstein et al., 
2002a). This could explain why, despite the similar summertime environmental 
conditions, photosynthetic activity was less affected in 2011 than in 2012. A 
similar conclusion has been drawn by Reichstein et al. (2002a) comparing the 
canopy conductance and light-saturated gross carbon uptake in three 
ecosystems with different groundwater availability. In particular, the authors found 
the carbon uptake was less affected by summer drought in a Mediterranean 
forest ecosystem located in Central Italy (Castelporziano) where the soil second 
layer (20-100 cm) retained relatively high water contents. As a consequence, in 
that ecosystem tree functions were less dependent on superficial SWC. Our data 
support this thesis. 
The general seasonal Reco trend observed during the two years of the study was 
in line with the long term pattern. This is to say, a first peak in spring and a later 
peak in autumn with a general depression in the central part of the year when air 
temperature was high and soil dry. Nonetheless, a consistent deviation relative to 
the long term average was present in late summer and autumn 2012, when 
exceptionally high emissions of CO2 were recorded. These extraordinary high 
respiration rates were associated to several isolated rain events rain events of 
medium intensity that rapidly rewetted the warm superficial soil layers after a long 
lasting period of drought.  
At the ecosystem level, the general understanding is that increasing 
temperatures stimulate both microbial and plant respiration (Fang &  Moncrieff, 
2001; Lloyd &  Taylor, 1994). This relationship has been overemphasized 
because from a climatological perspective it may establish a positive feedback 
between climate and the biosphere (Cox et al., 2000; Houghton et al., 1998). 
Nevertheless, it has been suggested that the effect of warmer temperatures on 
ecosystem emissions might be more relevant for high latitude ecosystems, 
because these soils store a larger amount of labile soil organic matter than 
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temperate ecosystems (Kirschbaum, 1995; Valentini et al., 2000) and the 
temperature sensitivity of decomposition is higher for labile than for stabile 
substrates (Anderson, 1991; Giardina &  Ryan, 2000; Liski et al., 1999). In 
addition, the experience gained worldwide from the continuous monitoring of 
carbon fluxes at the ecosystem level  pinpointed that during recent heat waves, 
such as that of 2003, Reco declines together with GPP (Ciais et al., 2005). This 
decline can be explained by the fact that increasing temperatures are often 
associated to drought. Several mechanisms have been proposed to explain the 
response of Reco under high temperature and drought conditions: 
1) diminished aboveground respiration following stomatal control of 
transpiration in water stressed conditions (Davidson et al., 2006; Streck, 
2012);  
2) reduction of the substrates supplied by photosynthesis for root and 
microbial respiration under conditions of high air temperature, high VPD 
and low soil moisture (Hogberg et al., 2001; Reichstein et al., 2002b; 
Sampson et al., 2007; Tang &  Baldocchi, 2005; Tang et al., 2005; Xu &  
Baldocchi, 2004); 
3) suppression of soil respiration due to limited substrate diffusivity in soil 
water films associated to warmer and drier conditions (Davidson et al., 
2006); 
4) small heterotrophic respiration due to microbial death or adaptation 
(dormancy and spore formation) as a consequence of low soil water 
potential (Borken et al., 2006; Harris, 1981); 
5) an effect on the turnover time of the multiple carbon pools with a shift 
toward the utilization of more recalcitrant carbon material with lower 
temperature sensitivity (Giardina &  Ryan, 2000; Liski et al., 1999). 
Several studies highlighted that carbon fluxes in seasonal water limited 
ecosystems depends not only on soil temperature but also on the total amount 
and the temporal distribution of rain pulses (Almagro et al., 2009; Borken &  
Matzner, 2009; Jongen et al., 2011; Ross et al., 2012). While during drought 
ecosystem and soil respiration are limited by low soil water content, quick and 
large CO2 emissions have been measured immediately after rewetting of the dry 
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soil (Jarvis et al., 2007; Unger et al., 2012). This phenomenon, known as the 
“Birch effect”, is responsible for the release of large amount of CO2 when 
compared to the typical emissions of the dry season and can substantially affect 
the annual carbon balance (Inglima et al., 2009; Xu et al., 2004). Despite the fact 
that the underlying biochemical mechanisms associated with this response are 
still unclear, both laboratory and field experiments demonstrated that it is the 
microbial respiration that shows the greatest variability during drying and 
rewetting cycles (Birch, 1958; Birch, 1959; Birch, 1964; Borken &  Matzner, 2009; 
Fierer &  Schimel, 2003; Moyano et al., 2013). This response is common to 
several arid and semi-arid ecosystems worldwide comprising deserts (Austin et 
al., 2004; Cable &  Huxman, 2004; Huxman et al., 2004b), grasslands (Aires et 
al., 2008; Almagro et al., 2009; Bowling et al., 2011; Huxman et al., 2004a; 
Jongen et al., 2011; Pereira et al., 2007; Xu &  Baldocchi, 2004; Xu et al., 2004), 
shrublands and woodlands (Almagro et al., 2009; Pereira et al., 2007; Unger et 
al., 2010; Unger et al., 2012), Mediterranean (Jarvis et al., 2007; Misson et al., 
2010) or Mediterranean-type forests (Carbone et al., 2011). 
 
Drivers of NEE, GPP and Reco  
 
In order to better understand the complex dynamics that drive the ecosystem 
carbon budget, it is necessary to investigate which are the main environmental 
variables that affect CO2 fluxes at the ecosystem level. 
 
Response of NEE and GPP to light, air temperature and VPD 
 
The relationship between NEE and light was analyzed fitting a rectangular 
hyperbola function to the scatter of half-hourly NEE values vs. PPFD (see 
Materials and methods for a description of the equation). The parameters 
describing the best least square fit of the light response curve are summarized in 
Table 1.2 for selected months of the year (February, June, August and October). 
Generally, PAR explained a large fraction of NEE variance (r2 = 0.59 ~ 0.78). The 
apparent quantum yield (α) varied from 0.027 in June 2012 to 0.048 in October 
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2012. These values are within the range of values reported in the literature for 
forests (Ruimy et al., 1995). The values of maximum photosynthetic rate at 
saturating light (GPPmax) ranged from a maximum of 33 μmol m-2 s-1  in June 
2011 to a minimum of 12.88 μmol m-2 s-1  in October 2011. In 2011, the canopy 
photosynthetic capacity (GPP1800, defined as GPP at PPFD = 1800 μmol m-2 s-1 
after Ruimy et al. (1995)) followed a clear seasonal trend, increasing from winter 
to spring and decreasing afterwards. Interestingly, lower GPP1800 (and GPPmax) 
values were associated to dry periods with concomitant high air temperature and 
high VPD, thus suggesting that other environmental factors affect the response to 
light. For example, GPP1800 was lower in August 2012 than in August 2011, 
despite similar monthly cumulated PPFD. On the contrary, in the wet October 
2012, GPP1800 was double that of the dry October 2011, despite the monthly 
cumulated PPFD was 22% lower in 2012. Ruimy et al. (1995) analyzed the 
response to PPFD of CO2 flux over plant canopies in more than one hundred 
datasets. The authors found that in natural ecosystems canopy photosynthetic 
rate was negatively influenced by water shortage and high VPD, particularly 
when acting together. Similar conclusions have been reported also in other 
Mediterranean-type ecosystems (Aires et al., 2008; Xu &  Baldocchi, 2004). 
Nevertheless, Migliavacca et al. (2009) found that the clear reduction of 
photosynthetic assimilation rate occurred in a poplar plantation in northern Italy 
during the 2003 heat wave was mainly due to high air temperatures rather than 
soil water stress. 
Fig. 1.6a-c illustrates the relationship of monthly integrated GPP versus monthly 
cumulated PAR, mean air temperature and VPD. PAR was the environmental 
variable that best described GPP variability (r2 = 0.77) (Fig. 1.6a). Based on 
biochemical and physiological assumptions at the leaf level, photosynthesis is 
expected to be inhibited by high irradiance, high air temperature and water stress 
conditions. This is part of an adaptation strategy to extreme climate conditions 
that allows for maximum carbon fixation and, at the same time, minimize the 
potential damage arising from the over-excitation of the photosynthetic apparatus 
and excessive water losses (Chaves et al., 2002; Long et al., 1994; Streck, 
2012). Despite this behavior has been, at first, mechanistically conceptualized in 
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Figure 1.6 
Regression and best fit models of monthly integrated GPP (panels a-c) and Reco (d-f) 
versus monthly cumulated PAR, mean air temperature and VPD. Monthly data from 2011 
and 2012 are plotted together. White dots in panels (e) and (f) indicate summer months 
associated to drought conditions (high air temperature, high VPD and low water content). 
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laboratory and field controlled conditions, it is predicted to occur also at the 
canopy level. Nevertheless, the scatters of Fig. 1.6a indicate that GPP increased 
linearly with PAR and did not show any appreciable reduction of GPP at high 
irradiance values. Using a non-rectangular hyperbola function to describe the 
relationship (Allard et al., 2008) did not increase the robustness of the model (r2 = 
0.77). On the contrary, a saturation effect was observed at air temperature above 
20°C. Moreover, VPD negatively affected GPP at values above 2 kPa (Fig. 1.6b-
c). At San Rossore, VPD follows a typical seasonal trend, with low values (< 1 
kPa) in winter and autumn when air temperature is low and rain abundant. Days 
with high VPD values (> 2 kPa) are instead common in summer when opposite 
meteorological conditions trigger prolonged periods of drought (Fig. 1.2.1 and 
1.2.2). This suggests a strong stomatal control in the drier and warmer summer 
months. Indeed, VPD is one of the principal environmental factors modulating 
stomatal conductance and thus plant transpiration (Carrara et al., 2004; Cowan, 
1977; Makela et al., 2002; Streck, 2012). This happens because high VPD values 
cause water stress. In an attempt to avoid dehydratation when transpiration is 
higher that the vascular transport of water from the roots, plants react inducing 
stomatal closure. This physiological mechanism regulates the diffusion of water 
from the leaf to the atmosphere, thus limiting the effect of water stress, but at the 
same time it hampers the photosynthetic activity by reducing the concentration of 
CO2 in the mesophyll. High air temperatures and excessive light can further 
exacerbate the reduction of the photosynthetic rate by photoinhibition 
mechanisms (Long et al., 1994). 
 
Response of Reco to temperature and GPP 
 
The response of Reco was more complex to model. This can be justified by the 
fact that ecosystem respiration integrates emissions released by plants and 
heterotrophs that follow different dynamics. Moreover, the relative amount these 
two sources contribute to Reco is not constant in time and depends on the additive 
effect of several biotic and abiotic controls that is difficult to disentangle 
(Davidson et al., 2006).There is general agreement on the fact that the two main 
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environmental variables affecting Reco are temperature and soil moisture 
(Reichstein et al., 2012). On the whole, when the confounding effect of SWC was 
removed, Reco showed a strong temperature dependency (r2 = 0.84, Q10 = 2.2, p 
< 0.0001), however at values above 20°C Reco was inversely related with 
temperature (Fig. 1.6e).  
The temperature sensitivity of whole ecosystem respiration, expressed as 
apparent Q10 value, showed a strong seasonality (Table 1.3). High Q10 values 
were observed when the soil was wet while low Q10 values were measured in dry 
conditions. The highest seasonal Q10 values were recorded in winter (2.36 and 
2.46 in 2011 and 2012, respectively, using air temperature as driver) while the 
lowest values were those of summer (1.20 and 0.53, respectively). It is important 
to note that in 2011 the relationship between air temperature and Reco was very 
weak from spring till the end of the year (Q10 < 1.3; r2 < 0.22). On the contrary, in 
2012 a high Q10 value was reported also for autumn (Q10 = 2.30; r2 = 0.81). Since 
the Q10 coefficient expresses the increase in respiration rate following a 
temperature increase of 10 °C, Q10 values around 1 indicate no response to 
temperature and values lower than 1 (as in summer 2012) indicate a negative 
response. On an yearly basis, the temperature dependency of both years did not 
reach the theoretical value of 2 for Q10 expected from biochemical assumptions 
(annual 2011 Q10 = 1.61; annual 2012 Q10 = 1.67). On the whole, the results 
outlined in Table 1.3 indicate that the temperature sensitivity was strongly 
affected by the change in superficial soil water content. This strong control of Reco 
by soil moisture availability has been reported also in several other seasonally 
water limited ecosystems (Aires et al., 2008; Hussain et al., 2011; Jassal et al., 
2007; Reichstein et al., 2002a; Reichstein et al., 2002b; Xu &  Baldocchi, 2004). 
As comparison, when dry days (superficial SWC<10%) were excluded from the 
analysis, an evident increase in Q10 values was found. This is to say, the effect of 
temperature on Reco was more  pronounced. When the confounding effect of 
SWC was removed, the estimates of the apparent annual Q10 (2.43 and 2.25 for 
2011 and 2012, respectively) were very close to the global mean of 2.4 reported 
by Raich and Schlesinger (1992) for soil respiration. 
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Using superficial (3 cm) soil temperature as driving temperature for Reco neither 
increased nor decreased significantly the robustness of the relationships. This is 
not surprising since air and soil temperature are strongly correlated (r = 0.98, p < 
0.001). More interestingly, in the wettest seasons (i.e. winter 2011 and autumn 
2012), the apparent Q10 was markedly higher when soil temperature was used 
instead of air temperature (e.g. 5.16 vs. 2.36 in the wet winter 2011 and 3.23 vs. 
2.30 in the wet autumn 2012). These values are similar to what has been 
reported by Jassal et al. (2007) in an intermediate-aged Douglas-fir stand in 
Canada. Moreover, large difference in temperature sensitivities using air vs. soil 
temperature has been recently reported by Lasslop et al. (2012). The authors 
examined the effect of the choice of the driving temperature for flux partitioning 
across FLUXNET sites and found higher estimates for the temperature sensitivity 
when soil temperature was fitted to the dataset. This effect could be due to: (1) 
the inherent higher variance of air temperature compared to soil temperature; (2) 
a stronger dependence of soil respiration to changing soil temperatures rather 
than air temperatures. Indeed, the ratio between soil respiration and Reco is high 
in winter when autotrophic respiration is low and a larger part of the respiration 
takes place in the soil (Jassal et al., 2007; Kolari et al., 2009). When SWC is not 
limiting, soil respiration rate is strongly dependent on soil temperature. As soon 
as the soil becomes transiently warmer, soil respiration is expected to be quickly 
stimulated. Therefore, the temporal response of soil respiration to soil 
temperature could not be captured using air temperature as independent variable 
because air temperature changes faster than soil temperature due to a time lag in 
heat transportation processes (Fig. 1.2.1 and 1.2.2). This effect is less visible in 
dry conditions because other confounding factors mask soil respiration response 
to temperature. 
Davidson et al. (2006) suggested that an high variability in temperature 
sensitivities indicate that additional factors confound the temperature response, 
thus causing inflated or suppressed apparent Q10. These processes may include: 
1) the canceling effects of the enzymatic kinetic constants (i.e. the 
maximum enzyme activity (Vmax) and the affinity of the enzyme for the 
substrate (Km)) to produce no net temperature dependence; 
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2) the effect of temperature and water content on substrate diffusivity in soil 
water films; 
3) the seasonality of the phenology of aboveground and belowground plant 
tissues which, in turn, reflects into temporal changes in the abundance of 
reactive enzymes; 
4) the availability of substrates supplied by photosynthesis; 
5) the effect of water stress on both plant and microbial respiration. 
 
A weaker but still significant relationship was observed between Reco and PAR 
and VPD as predictors (Fig. 1.6d-f). This could be due to the confounding effect 
of a spurious correlation due to covariance between VPD, air temperature and 
PAR. A more plausible explanation can be found in the strong relationship 
between Reco and GPP (r2 = 0.74, Fig. 1.7a). This relationship has been observed 
in ecosystems types ranging from grasslands to forests and suggest that there is 
a general strong influence of photosynthesis on soil and ecosystem respiration 
(Aires et al., 2008; Davidson et al., 2006; Han et al., 2014; Hogberg et al., 2001; 
Huang et al., 2012; Janssens et al., 2001; Kuzyakov &  Cheng, 2001; Kuzyakov 
&  Cheng, 2004; Kuzyakov &  Gavrichkova, 2010; Law et al., 2002; Mencuccini &  
Hölttä, 2010; Moyano et al., 2008; Moyano et al., 2007; Sampson et al., 2007; 
Tang et al., 2005; Xu &  Baldocchi, 2004). For example, Janssens et al. (2001) 
found that in 18 European forest ecosystems soil and ecosystem respiration 
depended on the quantity of carbon fixed through photosynthesis more than 
temperature. Moreover, Hogberg et al. (2001) showed, by means of large-scale 
forest girdling, that current photosynthesis drives soil respiration in a boreal Scots 
pine forest. Notwithstanding the large amount of evidences collected in the last 
years, the statistical reliability of the relationship between GPP and Reco has been 
recently questioned (Lasslop et al., 2010a; Vickers et al., 2009). The reason 
behind the debate rely on the consideration that GPP and Reco are not 
independent quantities because they can be affected by self-correlation as a 
consequence of the standard flux-partitioning methodology, where GPP is 
computed as the difference between the measured carbon flux (NEE) and Reco 
(Vickers et al., 2009). However, Lasslop et al. (2010b) showed that the 
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Figure 1.7 
Relationship between monthly Reco and GPP (a) and seasonal trend of monthly Reco/GPP 
(b). White dots in panel (a) are months with exceptionally high CO2 emissions due to 
post-drought water pulses. 
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correlation was real rather than artificial. To prove this the authors used Reco and 
GPP estimated with different approaches and therefore independent of each 
other (i.e.  a fit of a respiration model to nighttime data for Reco and a light 
response curve fit to daytime data for GPP).  
In the regression analysis between Reco vs. GPP, September and October 2012 
were the two months whose residuals were greatest. Considering these values 
as outliers sensibly increased the fraction of Reco variance explained by GPP (r2 
increased from 0.54 to 0.74 after these two months were excluded from the 
analysis, Fig. 1.7a). This suggests that in autumn 2012 Reco was driven by other 
factors. The seasonality of the ratio between monthly Reco  and GPP is 
highlighted separately for 2011 and 2012 in Fig. 1.7b. While the balance between 
the two carbon fluxes kept almost constant in both years from January to June, in 
the second part of the year Reco fluxes were generally higher than GPP. The ratio 
reached peak values in September, October and November 2012 (mean 
Reco/GPP value of 1.60). It is important to stress that these months experienced 
quick and large emission of CO2 in the immediate periods after the rainfall. In 
these conditions Reco was higher than expected based only on GPP. This suggest 
that, following water pulses, the largest part of Reco was represented by soil 
respiration and in particular heterotrophic respiration and was, therefore, less 
dependent on photosynthesis. At the same time, aboveground respiration is 
expected to be less affected, at least in the short period, by rapid increases in 
superficial soil water availability (Carbone et al., 2011; Huxman et al., 2004b; 
Ogle &  Reynolds, 2004). I will address with more detail the importance of the 
temporal distribution of water pulses on soil respiration and Reco in chapters two 
and three. 
 
1.4 Conclusions 
 
Carbon fluxes were analyzed at the ecosystem level in two years with an 
opposite carbon balance: 2011, a net sink, and 2012, a net source of CO2. The 
different sign of the carbon balance was related to the contrasting precipitation 
experienced in the two years, both in terms of total amount of rain and temporal 
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distribution within the year. Even though severe summer drought is common at 
this experimental site with a typical Mediterranean climate, the anomaly in the 
precipitation regimen experienced in 2011 and 2012 was unusual. With a total of 
only 584 mm of rain 2011 was the driest of the last 22 years. The lack of rain was 
particularly severe in the second part of the year. On the contrary, 2012 was 
particularly dry in winter, spring and summer while above average precipitation 
were recorded starting from late August and during the whole autumn season. 
The lack of rain in autumn 2011 and winter 2012 did not allow to recharge the 
deep soil water reserves and, as a consequence, 2012 growing season was 
severely affected by extreme dryness both in the superficial and deep soil layers.  
Because the ecosystem carbon net exchange reflects the balance between the 
assimilation operated by photosynthesis and the release of carbon, the net effect 
depends on how these two processes are affected relatively to each other. Soil 
water content was clearly a key environmental driver for both GPP and Reco. 
Nonetheless it affected photosynthesis and respiration differently. GPP was more 
dependent on total soil water availability while Reco responded quickly to 
superficial soil layers rewetting. As a consequence, GPP was less affected during 
2011 summer drought, when trees could still access deep soil water reserves 
with roots. On the contrary, GPP was markedly lower in autumn 2011 and, most 
importantly, during the entire 2012 growing season when high air temperatures 
and high vapor pressure deficit further limited photosynthetic capacity. During dry 
periods Reco was less depressed compared to GPP but large CO2 emissions were 
recorded soon after rewetting of the superficial soil layers. This phenomenon was 
particularly evident during October 2012 when the soil was still warm to support 
high soil respiration rates. The sum of the preceding anomalies, i.e. lower spring 
and summer carbon assimilation and exceptional autumn emissions, affected 
2012 carbon budget to the point that, on an yearly basis, the ecosystem turned 
into a net carbon source. It is unclear whether the large emissions observed in 
autumn 2012 could be considered, at least in part, a lagged consequence of the 
extreme drought experienced in the preceding year. It is possible to speculate 
that the extreme dry conditions of 2011 could have affected the amount of soil 
carbon pools. In particular, the extended time periods of low superficial soil water 
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content might have prevented the mineralization of the more labile compounds in 
the superficial soil layers so that, with the sudden rewetting of the warm soil at 
the end of summer 2012, an unusually high quantity of substrate was available 
for heterotrophic respiration. 
These observations highlight the vulnerability of the Mediterranean-type 
ecosystems not only in terms of their response to predicted increasing 
temperatures but also to changing precipitation patterns. This demands for an 
incorporation of these variables into models for prediction of ecosystems’ 
feedbacks to climate change. 
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Chapter two 
Partitioning carbon fluxes at soil 
and ecosystem level 
 
 
 
 
 
2.1 Introduction 
 
Forests play an important role in the carbon cycle and carbon sequestration at 
both local and global scales. Forests remove CO2 from the atmosphere through 
photosynthesis and store carbon in different tree components and in the soil. 
With 118.7 Gt of carbon released into the atmosphere each year, terrestrial 
respiration represents the second largest flux of carbon after photosynthesis 
(Ciais et al., 2013). Whether a forest acts as a carbon sink or source depends on 
the difference between photosynthetic uptake and respiratory release of CO2. 
The total flux of CO2 released from the ecosystem (Reco) derives form a range of 
sources which can be divided into those originating from aboveground plant 
tissues (aboveground autotrophic respiration, RAa) and soil. Soil respiration (RS) 
can furthermore be partitioned into that derived from roots and closely associated 
microorganisms, such as mycorrhizas, (belowground autotrophic or root-
rhizosphere respiration, RAb) and the decomposition of dead organic matter 
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(microbial or heterotrophic respiration, RH) (Hanson et al., 2000; Heinemeyer et 
al., 2007; Kuzyakov, 2006). In order to predict likely changes in ecosystem 
carbon balance under changed environmental conditions, it is, therefore, 
necessary to identify and quantify the different sources of CO2 efflux and their 
dependence on biotic and environmental drivers such as soil temperature, soil 
water content, precipitation amount and distribution.  
Assessing total ecosystem carbon fluxes in conjunction with accurate soil 
respiration measurements can provide further insight into critical carbon cycle 
processes. Despite the increasing popularity of the eddy covariance technique to 
assess total ecosystem carbon exchange (Baldocchi et al., 1988), the realization 
that soils are a consistent source of atmospheric CO2 has given rise to numerous 
methods to measure soil CO2 efflux from ecosystems all over the world (Luo &  
Zhou, 2006; Raich &  Schlesinger, 1992). Classical chamber methods with 
measurement of CO2 by infrared gas analyzers remain useful tools to monitor RS 
(Davidson et al., 2002). Using these approaches, it was possible to estimate that 
in forest soils RS releases about 1000 gC m-2 yr-1 and contributes 30 - 80% of Reco  
(Davidson et al., 2006b; Goulden et al., 1996; Luo &  Zhou, 2006). Nonetheless, 
partitioning Reco and RS into individual sources is a challenging task. This is due 
to the fact that micrometeorological techniques are only able to obtain the total 
CO2 efflux from the ecosystem while chamber methods allow CO2 fluxes to be 
measured directly from the soil without differentiation of the soil CO2 sources.  
Over the last few decades, several techniques have been developed to partition 
RS into heterotrophic and autotrophic components (for a review see Hanson et al. 
(2000) and Kuzyakov (2006)). Nonetheless, most of these methods are difficult to 
apply to forest ecosystems because they are often impractical to use (root 
trenching, tree clear-cutting and direct component integration) or lack of spatial 
and temporal representativeness (isotopic methods). Recently a tree girdling 
approach has been used with success in forest soils (Bhupinderpal-Singh et al., 
2003; Hogberg et al., 2001; Subke et al., 2011). Removing bark and outer 
vascular tissues (phloem) stops the flow of photosynthates from the canopy to 
the roots thus causing, within a short time, a strong suppression of root and 
rhizomicrobial respiration (Hogberg et al., 2001). Soil respiration measurements 
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performed on girdled plots after an initial settling-down period can be used to 
directly derive RH. Consequently, RAb can be estimated as the difference in 
respiration rates between control and girdled plots (Bhupinderpal-Singh et al., 
2003; Hogberg et al., 2001). The main advantage of this method is that it does 
not alter soil physical structure and minimize the artifacts associated with 
destructive methodologies which also modifies root structural integrity (Kuzyakov, 
2006; Luo &  Zhou, 2006). Moreover, girdling allows trees to maintain water 
transport from the roots to the crown in the xylem so that moisture and 
temperature are not usually altered for several months after the girdling (Ekberg 
et al., 2007). As for other partitioning methods, tree girdling is not immune from 
uncertainties. The main biases are associated to increased use of root starch 
reserves and decomposition of dead roots after girdling. This could be 
responsible for an initial overestimation of RH, especially if the girdled tree is rich 
of root starch stores  (Bhupinderpal-Singh et al., 2003; Binkley et al., 2006; 
Hogberg et al., 2001; Olsson et al., 2005). Recently Bloemen et al. (2014) 
suggested that RAb might be also underestimated because part of root-derived 
CO2 can be transported upward in the stem with the sap flow. 
In recent years, the tree girdling method allowed to estimate that RAb contribution 
to RS ranges from 24 to 65% in forest soils across different biomes and 
ecosystem types (Andersen et al., 2005; Bhupinderpal-Singh et al., 2003; Binkley 
et al., 2006; Bloemen et al., 2014; Chen et al., 2010; Frey et al., 2006; Högberg 
et al., 2009; Hogberg et al., 2001; Johnsen et al., 2007; Levy-Varon et al., 2012; 
Olsson et al., 2005; Subke et al., 2011). These studies highlighted that, in 
addition to the generally acknowledged temperature dependency of respiration 
processes (Lloyd &  Taylor, 1994; Raich &  Schlesinger, 1992), RAb is also 
strongly dependent on substrates supplied by photosynthesis and the seasonal 
allocation of carbon to roots (Hogberg et al., 2001; Tang et al., 2005). 
Bhupinderpal-Singh et al. (2003) suggested that this might explain the apparent 
higher temperature sensitivities reported by many authors for RAb compared to RH 
(Boone et al., 1998; Epron et al., 1999; Ruehr &  Buchmann, 2010). On the 
whole, these findings highlight the complexity of the processes responsible for 
the release of CO2 from the ecosystems. However, despite the underlying  
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mechanisms might be common across different biomes and ecosystem types, 
most of these studies were performed in boreal, temperate or subtropical forests 
(Högberg et al., 2009). Valentini et al. (2000) showed that in European forests 
gross primary productivity seems to be largely independent from latitude while 
Reco is a more important component of the carbon balance in northerly latitudes 
despite lower temperatures. This question the general role of temperature as 
main determinant of RS and Reco at a broader scale and suggest that other 
constraints, such as water limitation, can substantially affect the carbon balance 
of southern European forests. 
In Mediterranean or Mediterranean-type ecosystems there is a general lack of 
information on partitioned components of RS and Reco. Nonetheless, 
Mediterranean ecosystems cover an area of about 2.75 million km2 (Rambal, 
2001) which is expected to be strongly affected by future climate change 
projections (Christensen et al., 2007; IPCC, 2013). Mediterranean climate is 
characterized by a high inter annual variability. Humid and mild winters are 
usually followed by extended periods of summer drought with an erratic seasonal 
and inter annual distribution of rain events (Luterbacher et al., 2006). Several 
studies highlighted that soil and ecosystem carbon fluxes in these seasonally 
water limited ecosystems are also strongly affected by soil water content and the 
temporal distribution of rain events (Almagro et al., 2009; Jongen et al., 2011; 
Ross et al., 2012). While RS is generally constrained during summer by low soil 
water content, quick and large soil CO2 pulses have been documented after 
drying – rewetting cycles (Inglima et al., 2009; Jarvis et al., 2007; Unger et al., 
2012). These emissions can substantially affect the annual carbon balance and 
have been associated to increased mineralization of soil carbon by heterotrophs, 
thus highlighting the vulnerability of soil carbon stocks (Birch, 1958; Borken &  
Matzner, 2009; Moyano et al., 2013). Future climate change projections suggest 
that the variability of the Mediterranean climate is expected to increase in the 
next century with a shift in the intensity and the distribution of rain events toward 
a more scattered precipitation pattern (Christensen et al., 2007; IPCC, 2013; 
Tebaldi et al., 2006; Trenberth, 2011; Trenberth et al., 2003). A mechanistic 
understanding of the processes regulating the response of the different 
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components of respiration is, therefore, needed to parameterize the climatic 
feedbacks at larger temporal and spatial scales and to improve our ability to 
model ecosystem response under future climate change scenarios.  
This chapter contains results from a tree girdling experiment that has been 
carried out in a Mediterranean maritime pine forest (Pinus pinaster) in Central 
Italy equipped with an eddy covariance micrometeorological tower. Ecosystem 
fluxes (GPP, Reco, NEE) were analyzed together with carbon fluxes measured at 
the soil level throughout the first year after the girdling treatment. This combined, 
novel approach allowed us to: (1) partition soil fluxes into its autotrophic and 
heterotrophic components; (2) partition total autotrophic respiration (RAt) into 
above and belowground sources; (3) follow the seasonal evolution of the 
partitioned components; (4)  analyze in detail what are the environmental and 
biological drivers behind the response of the partitioned components of Reco. 
Particular attention is given to the effect of drought and to temporal dynamics of 
RS to sudden rain pulses. 
 
2.2 Materials and methods 
 
Site description 
 
The study site is located in a maritime pine forest in Central Italy (Tuscany). The 
experimental area lies within the boundaries of the Regional Park of San Rossore 
– Migliarino – Massaciuccoli (43°43’43’’ N, 10°17’ 13’’ E, 6 m a.s.l.), in an almost 
flat area (slope < 3%) characterized by the presence of sandy dunes and located 
between the Arno and Serchio rivers, 800 m inland from the sea cost.  
The climate is characterized by typical Mediterranean climate with humid and 
mild winter and dry and hot summer. The mean long term 1980 – 2012 annual air 
temperature is 15.35 °C, with the highest value measured in August (24.16 °C) 
and the lowest in January (7.40 °C). Mean 1980 – 2012 annual precipitation 
amounts to 883 mm, 50% of this being concentrated in autumn. The driest month 
is July with a mean rainfall of 18 mm, while October and November are the 
wettest with 138 mm each. Long term precipitation and air temperature data were 
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obtained from a meteorological station located at a distance of approximately 10 
km (Regional Hydrologic Service of Tuscany). Starting from year 2000, meteo 
data have been collected at the San Rossore site. The wind regimen is 
charachterized by a sea – land breeze circulation, i.e. the air flows quite 
predictable from west (sea) during the day and from east (land) during the night 
(Fig. 2.1, inset). 
The dominant species is Pinus pinaster Ait. with sparse Pinus pinea L. and 
Quercus ilex L. trees. The average stem density is 565 trees ha-1, diameter at 
breast height is 29 cm and the average canopy height is 18 m. Ground 
vegetation is represented by sparse Erica arborea, Phyllirea angustifolia, 
Rhamnus alaternus and Myrtus communis. The vegetation naturally renovated 
following a wildfire in 1944 and therefore was, at the moment of this study, 67 
years old. Root biomass is concentrated between 0 and 40 cm but maritime pine 
can reach the water table with the taproot. 
The soil is a sandy calcareous regosoil with a content of 93% sand, 4% clay and 
3% silt in the first 10 cm of the soil profile. The organic layer has a thickness of 
2.7 ± 0.4 cm, 43.8% soil organic carbon content, C/N ratio of 32.5 and pH 4.4. 
Carbon content and C/N ratio is, respectively, 13.9% and 30 in the uppermost 1 
cm of mineral soil, 1% and 13.5 in 10 cm deep mineral soil (Rosenkranz et al., 
2006). 
 
Soil respiration measurements 
 
In March 2011,  6 circular plots (20 m diameter) were delimited within the long-
term eddy covariance experimental site of San Rossore.  In order to minimize the 
impact of the soil respiration partitioning study (see below) on eddy covariance 
footprint, plots were selected  along a W – E direction, parallel to the prevailing 
wind regimen (Fig. 2.1). Each plot was populated by an average of 25 maritime 
pine (Pinus pinaster Ait.) trees while ground vegetation was absent or minimal.  
Soil CO2 efflux was measured on a weekly basis starting from 4th April 2011 
within a radius of 2 m from the central part of each plot by means of a portable 
closed dynamic chamber system (EGM4 analyzer with SRC-1 chamber, PP 
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Figure 2.1 
Experimental design of soil respiration partitioning study within the San Rossore eddy 
covariance site. The large circles represent 6 soil respiration plots (20 m diameter). Soil 
respiration was measured in the central area of each plot (small gray circles, 4m 
diameter) on 4 fixed-positioned collars (black points) selected amongst an initial number 
of 12 randomly selected sampling points. On 4th May 2011 all the trees within 3 randomly 
selected plots (G plots) were stem girdled and difference in soil respiration fluxes was 
assessed relative to un-girdled control plots (C plots) at weekly intervals for one year after 
the girdling treatment. In order to minimize the impact of girdling on eddy covariance 
footprint, plots were selected parallelly to the prevailing wind direction. Inset: wind rose 
for 30 min. averages of wind measurements with wind speed > 0.5 m s-1. Radial bars 
indicate wind direction while the contour line shows average wind speed per direction 
interval.  
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System, Amesbury MA, USA). With the aim to account for an adequate spatial 
variability, in each of the 6 plots, 4 sampling points were selected according to a 
stratified sampling strategy amongst an initial number of 12 randomly selected 
sampling points (Rodeghiero &  Cescatti, 2008) (Fig. 2.1). In order to guarantee 
repetitiveness over time, soil respiration measurements were performed over pre-
set fixed-positioned metal collars (10 cm diameter, 5 cm height) inserted 2 cm 
into the soil. The portable chamber was modified to guarantee an optimal seal 
with the metal collars and the final volume (chamber volume plus collar head-
space) was adjusted in the analyzer settings. Superficial (0 – 10 cm) soil water 
content (SWC, Trime-HD handheld device with Trime-EZ time domain 
reflectometry probe, IMKO, Ettlingen, DE) and superficial (5 cm) soil temperature 
(STP-1 soil temperature probe, PP System, Amesbury MA, USA) were recorded 
for each sampling point at the same time as soil respiration. Measurements took 
place between 11 a.m. and 15 p.m. (local time). During the observation period 
(April 2011 – March 2012), 48 surveys were carried out, for a total of 1152 soil 
respiration measurements. 
A litter trap (0.5 m2 area) was positioned in the center of each plot to estimate 
needle-litter input to the soil. Litter was collected at the end of each month, 
transported to the laboratory and dry-weighted. 
 
Partitioning soil respiration by tree girdling 
 
On 4th May 2011, 3 plots out of the original 6 soil respiration plots were randomly 
selected for a tree girdling experiment (Fig. 2.1). All the trees (73 in total) within 
the selected plots were stem girdled: a strip of bark (30 cm width) was removed 
from the trunk of the trees at about 1.5 m height, paying attention to not damage 
the underlying xylematic tissue. In order to detect short term effects, during the 
first week after the girdling treatment, soil respiration was measured each 2 days 
on both girdled and control plots while afterwards soil respiration surveys 
followed the weekly routine outlined above. 
Based on the tree girdling approach to partition total RS into RH and RAb 
components (Bhupinderpal-Singh et al., 2003; Hogberg et al., 2001; Kuzyakov, 
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2006), RH was estimated from soil CO2 efflux measured in girdled plots while RAb 
was calculated as the difference between respiration from controls and girdled 
plots.  
 
Ecosystem CO2 fluxes measurement and partitioning 
 
At the San Rossore experimental site fluxes of CO2, H2O and sensible heat have 
been measured continuously on a half-hourly basis starting from 1999 by means 
of the eddy covariance technique (Baldocchi et al., 1988). Net ecosystem CO2 
exchange (NEE) was determined as the CO2 flux (Fc) calculated as the 
covariance between fluctuations in vertical wind speed (w’) and CO2 
concentration (c’): 
 
𝐹𝑐 ≈ 𝑤′𝑐′         (2.1) 
 
where the overbar denotes the time average. During the observation period 
measurements were performed using an open-path infra-red gas analyzer (IRGA; 
LI-7500, Li-Cor, Lincoln NE, USA), and a 3-dimensional sonic anemometer (R3, 
Gill instruments, Lymington, UK), both installed above forest canopy on top of a 
retractable mast at a height of 23 m from the ground level. Raw data were logged 
at 10 Hz on a local laptop connected to the sonic anemometer by means of 
EddyMeas software (Olaf Kolle, www.bgc-jena.mpg.de).  Eddy fluxes were 
calculated as 30 minute averages according to EUROFLUX methodology 
(Aubinet et al., 2000). EdiRe software package (R. Clement, University of 
Edinburgh, http://www.geos.ed.ac.uk/abs/research/micromet/EdiRe) was used for 
data elaboration, including frequency and Webb – Pearman – Leuning  
correction, and for data evaluation. Half-hourly data were classified according to 
the quality flag system (QF = 0, 1, 2) developed during the 2nd CarboEurope 
Workshop. Data measured when the theoretical requirements of the eddy 
covariance technique were not met (data belonging to class 2) were discarded. 
Data were additionally filtered for friction velocity (u*) and only fluxes obtained 
during periods with 0.196 < u* < 0.948 were further considered. During the 
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observation period, bad quality and missing data amounted to 10 and 11%, 
respectively, while data discarded after u*-filtering were 21%. On the whole, 
coverage with good data amounted to 58%. 
Gaps in the dataset were replaced with the online eddy covariance data gap-
filling and flux-partitioning tool (Reichstein et al. (2005), see also  www.bgc-
jena.mpg.de/~MDIwork/eddyproc/method.php). Using this online tool, the 
partitioning of the measured NEE into GPP and Reco was achieved employing a 
stepwise procedure and algorithms (Owen et al., 2007). With the equation 
introduced by Lloyd and Taylor (1994), this procedure established a short-term 
temperature dependent ecosystem respiration from turbulent night-time data in 
order to estimate the parameters of the following daytime respiration equation: 
 
𝑅𝑒𝑐𝑜 = 𝑅𝑟𝑒𝑓 × 𝑒𝐸0×��1 𝑇𝑟𝑒𝑓−𝑇0⁄ �−(1 𝑇𝑎𝑖𝑟−𝑇0⁄ )�     (2.2) 
 
where Tref  is 10 ºC, T0 is constant (−46.02 ºC), Tair is air temperature, E0 is the 
activation energy, and Rref is the reference ecosystem respiration at 10 ºC. Initial 
estimates for E0 were based on time windows of 10 days and a step of 4 days 
plus assuming a constant value for E0 during the year (Reichstein et al., 2005). 
Time dependent changes in Reco were obtained through an estimation of Rref 
using the window of 10 days and a step of 4 days. The final value of Reco for each 
half-hour was calculated using the values of Rref and constant E0. GPP was then 
obtained as: 
 GPP = 𝑅𝑒𝑐𝑜 − NEE         (2.3) 
 
Within this work the convention of positive values for both GPP and Reco has 
been followed. Therefore, NEE fluxes with a positive sign indicate net carbon 
losses from the ecosystem while a negative sign indicates a net carbon uptake. 
Aboveground autotrophic respiration (RAa) was calculated subtracting RS to Reco 
fluxes measured at the same time of RS measurements. Subsequently, RAt was 
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calculated as sum of RAa and RAb derived from the tree-girdling partitioning 
experiment. 
 
Meteorological data and environmental parameters 
 
Several sensors in the proximity of the soil respiration plots allowed the 
continuous recording of SWC vertical profile at 10 cm , 50 cm and 120 cm 
(Trime-Mux 6, time domain reflectometry probes, IMKO, Ettlingen, DE), soil 
temperature vertical profile at 3 cm, 15 cm and 50 cm (PT-1000 temperature 
sensors), water table depth (Micro-Diver DI6xxx, Schlumberger Water Services, 
Houston TX, USA) and soil heat flux (HFP01, Hukseflux, Delft, NL). Half-hourly 
averages were stored on a datalogging system (DL2e datalogger, Delta-T, 
Cambridge, UK).  
Rainfall was measured above canopy with an ARG100 rain gauge 
(Environmental Measurements, North Shields, UK).  Air temperature and relative 
humidity were measured with a thermistor and capacitive relative humidity sensor 
probe (RTF2, UMS, Munich, DE). The incoming short wavelength solar radiation 
was measured with a Li-200 Pyranometer (Li-Cor, Lincoln NE, USA). Total and 
diffuse photosynthetic active radiation (PAR) plus the sunshine state were 
measured with a sunshine sensor (BF3, Delta-T, Cambridge, UK).  
Half-hourly averages of meteorological and environmental parameters were 
stored locally on a datalogging system (DL2e datalogger, Delta-T, Cambridge, 
UK).  
 
Data analysis  
 
Differences in soil respiration fluxes, soil water content (SWC) and soil 
temperature between girdled and control plots were statistically tested by two-
way repeated measures ANOVA using girdling treatment and time as 
independent variables.  
The relationship between temperature and respiration fluxes was fitted using the 
simple empirical exponential model proposed by Vant’Hoff: 
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𝑅𝑥 = 𝑅0 × 𝑒𝛽𝑇          (2.4) 
 
where Rx is the measured respiration rate, R0 is the respiration rate at 0°C, β is a 
temperature response coefficient and T is either air or soil temperature. The 
temperature sensitivity coefficient describing the change in respiration caused by 
a change in temperature by 10°C is defined as: 
 
𝑄10 =  𝑅𝑇0+10𝑅𝑇0            (2.5) 
 
where 𝑅𝑇0 and 𝑅𝑇0+10 are the respiration rates at temperatures T0 and T0+10, 
respectively. Q10 can be estimated from the coefficient β of regression equation 
(2.4), as follows: 
 
𝑄10 = 𝑒10𝛽          (2.6) 
 
and, as a consequence, equation (2.4) can be rewritten also as: 
 
𝑅𝑥 =  𝑅0 ×  𝑄10𝑇 10�           (2.7) 
 
The temporal evolution of the apparent temperature sensitivity coefficient (Q10) 
was calculated using a 2-months moving time window shifted forward 1-week 
each time till the end of the observation period. The best fitting of equation (2.4) 
was achieved with the superficial soil temperature (3 cm depth) for belowground 
fluxes (RS, RH and RAb) and with air temperature for aboveground respiration 
(RAa). Therefore these variables has been used  to estimate the Q10 values of the 
different partitioned components. Standard error for Q10 values was calculated 
according to Boone et al. (1998).  
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2.3 Results 
 
Inter-annual and seasonal climate 
 
The climate at the San Rossore site is historically contextualized in Fig. 2.2 
where each year from 1980 to 2012 is represented as a point in a bi-dimensional 
space with mean air temperature and total precipitation as coordinates. The last 
33 years were characterized by a high inter-annual variability of precipitation, with 
values ranging from as low as 534 mm year-1 (in 1989) to 1269 mm year-1 (in 
1991). With a total annual precipitation of only 584 mm, 2011 was the driest year 
since the establishment of the experimental site (Fig. 2.2a). The drought was 
particularly severe during 2011 growing season (109 mm of rain from May to 
October, 73% lower than the corresponding long term average, Fig. 2.2b). 
Substantially lower precipitation persisted also during autumn 2011 and  winter 
2012 (258 mm from November 2011 to March 2012, 36% lower than the long 
term average, Fig. 2.2c). This period was also the second coldest since the 
establishment of the experimental site.  
The temporal evolution of the main environmental variables during the 
observation period (April 2011 – March 2012) is illustrated in Fig. 2.3a and 2.3b. 
Consistently with the typical Mediterranean climate of the region, air and soil 
temperature reached the highest values in August 2011 and the lowest values in 
February 2012 when an air temperature anomaly with 4°C under the long term 
mean was recorded. This unusually cold weather was due to an incursion of 
persistent cold polar air from northern Russia that hit the whole Europe starting 
from mid of January 2011. Mean daily soil temperature showed a dampened and 
smoothed response but was strongly correlated (r = 0.98, p < 0.001) with mean 
daily air temperature. Photosynthetic photon flux density (PPFD) peaked in spring 
and gradually declined during the growing season till reaching minimum values in 
December 2011. Superficial volumetric soil water content (SWC at 10cm depth) 
was strongly dependent on precipitation distribution. Very low SWC values (~ 
4%) were recorded in summer during extended droughts between rain events. 
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Figure 2.2 
Scatter plots of annual total precipitation versus mean air temperature for the period 1980 
– 2012 (a). Values are split and presented separately for May – October (b), 
approximately the growing season length, and November – March (c).  Black dots 
indicate years (2000 – 2012) since the installation of the eddy covariance system at the 
experimental site. Dotted lines are long term (1980-2012) precipitation and air 
temperature averages over the corresponding time periods. 
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Figure 2.3 
Time series course of: (a) mean daily air temperature (T air), mean daily superficial (3 
cm) soil temperature (T soil), total daily photosynthetic photon flux density (PPFD); (b) 
total daily precipitation (PPT), mean daily superficial (0 – 10 cm) soil water content 
(SWC); (c) soil respiration rates measured on control and girdled plots and estimated 
belowground autotrophic respiration (RAb). According to the girdling approach, RH can be 
estimated from girdled plots; (d) daily values of net ecosystem exchange (NEE), gross 
primary productivity (GPP) and ecosystem respiration (Reco). The two vertical dotted lines 
delimit the period from the first significant difference between control and girdled plots 
(16th May) to 31st October 2011, approximately the growing season length. The black 
arrow in panel c indicates the date of the tree-girdling treatment (4th May 2011). Error 
bars are ± SE. 
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Water pulses of intensity greater than 10 mm day-1 quickly raised superficial 
SWC. Nonetheless, the fast draining soil of the experimental site only allowed for 
short-lived peaks, especially in summer when evapotranspiration was high. The 
period between May and October was characterized by a scattered distribution of 
low intensity precipitation events (<15 mm day-1) which translated into a 
prolonged severe drought throughout the entire growing season. A substantial 
lack of rainfall persisted also in winter when SWC rarely exceeded the 10% 
threshold.  
 
Partitioning soil respiration into autotrophic and heterotrophic components 
 
Soil respiration (RS, the sum of carbon released from soil by heterotrophic and 
autotrophic respiration) ranged from 0.26 to 0.71 g CO2 m-2 h-1 during the growing 
season (May – October) and from 0.14 to 0.60 g CO2 m-2 h-1 from November to 
March (Fig. 2.3c). Large soil emissions were recorded following water pulses on 
the dry soil. This phenomenon was particularly evident during the dry growing 
season when three clear RS peaks occurred after rain events. A strong 
suppression of RS was measured in February 2012 when air temperature 
dropped by 9°C in a few days. 
Tree girdling significantly reduced soil carbon efflux. The first significant 
difference was recorded on 16th May 2011, 12 days after the girdling treatment, 
when soil respiration measured on girdled plots was 24% lower than controls. 
The reduction increased to 30% after 20 days and reached a peak up to 36% 
after two months. The difference between control and girdled plots stabilized to 
an a average value of 30% during the growing season and remained statistically 
significant throughout the whole observation period with a gradual decline 
starting from October (two-way repeated measures ANOVA: whole period, F = 8.2, 
p < 0.01; May – October, F = 10, p < 0.01; November – March, F = 4.8, p < 0.05). 
According to the tree girdling method (Hogberg et al., 2001; Kuzyakov, 2006), 
heterotrophic respiration (RH) was estimated from girdled plots. RH temporal 
evolution closely resembled that of RS. RH contribution to RS ranged from 60% to 
95%. It is noteworthy to highlight that the highest values of RH/RS ratio were those 
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recorded concomitantly or immediately after rain events (Fig. 2.3c). So, for 
example, on 5 September 2011, after a cumulated rain pulse of only 16 mm, 
there was an abrupt increment of RH from 0.24 to 0.65 g CO2 m-2 h-1, equaling an 
increment of 170% relative to pre-rain values. RH decreased to pre-rain rates as 
soon as the uppermost soil layers dried out again. As for RS, RH was strongly 
suppressed by the cold spell of February 2012. 
The estimated belowground autotrophic respiration (RAb, root-rhizosphere 
respiration by roots and associated microorganisms) was calculated as the 
difference between control and girdled plots (Bhupinderpal-Singh et al., 2003; 
Hogberg et al., 2001; Subke et al., 2011). Similarly to RS and RH, RAb peaks were 
recorded after rain pulses. Nonetheless, their amplitude was considerably lower 
compared to RS and RH. More interestingly, RAb peaks were out of phase, lagging 
behind approximately a week after the rain event. RAb gradually declined during 
the course of the observation period and reached its minimum in winter. 
Differently from RS and RH, the February temperature anomaly had only a minor 
effect on RAb.  
Overall, the total amount of CO2 released from control and girdled plots over the 
whole observation period approximated 872 and 649 g C m-2, respectively. This 
resulted in an average estimate of RH/RS and RAb/RS of 0.74 and 0.26, 
respectively (Table 2.1). 
No significant difference in SWC and soil temperature was observed between 
control and girdled plots throughout the experiment. The canopy of girdled trees 
started to show the first sign of yellowing in winter 2012 and by the end of June 
2012 had dried up almost completely. Nonetheless, during the observation 
period, light interception and needle-litter input within each experimental plot did 
not show any significant difference between treatments (data not shown). 
 
Partitioning ecosystem respiration into above and belowground respiration 
 
Enhanced emissions of carbon after rain pulses were also recorded from May to 
October at the ecosystem level by means of the eddy covariance technique (Reco, 
Fig. 2.3d). The carbon assimilated by photosynthesis (GPP) reached maximum 
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Table 2.1 
Climatic variables and partitioned carbon fluxes measured at the ecosystem and soil level 
combining eddy covariance and tree-girdling approaches. Data are presented for the 
whole observation period and, separately, for the warm and dry period (May – October, 
growing season) and the cold period (November – March, winter). 
 
 Units Whole period May - October November - March 
Climate     
T air (°C) 15 21 9 
T soil (°C) 14 19 9 
SWC (%) 6.2 5.1 6.6 
Rain  (mm) 367 109 258 
Integrated fluxes (g C m-2)    
GPP  1600 1083 517 
Reco  1579 1045 534 
NEE  -21 -38 17 
RS   872 550 322 
RH   649 400 249 
RAb   223 150 73 
RAa   707 495 212 
RAt   930 645 285 
Mean fluxes (g CO2 m-2 h-1  ± SD)    
RS   0.41 ± 0.14 0.49 ± 0.13 0.32 ± 0.11 
RH   0.31 ± 0.10 0.36 ± 0.10 0.25 ± 0.08 
RAb   0.10 ± 0.06 0.13 ± 0.06 0.07 ± 0.04 
RAa   0.37 ± 0.18 0.47 ± 0.17 0.26 ± 0.11 
RAt   0.47 ± 0.21 0.60 ± 0.18 0.33 ± 0.12 
Fluxes partitioning    
RH/RS   0.74 0.73 0.77 
RAb/RS  0.26 0.27 0.23 
RS/Reco   0.55 0.53 0.60 
RH/Reco   0.41 0.38 0.47 
RAb/Reco   0.14 0.14 0.14 
RAa/Reco   0.45 0.47 0.40 
RAt/Reco   0.59 0.62 0.53 
RAa/RAt   0.76 0.77 0.74 
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values in June, paralleling PPFD seasonal evolution, and gradually declined with 
the onset of the summer drought till a winter minimum. As a consequence of the 
balance between Reco and GPP, net ecosystem carbon exchange (NEE) shifted 
to positive values (i.e. net emissions) starting from August 2011. 
Data from the eddy covariance system were combined with those derived from 
the tree girdling soil respiration partitioning experiment. This allowed for the 
estimation of the relative contribution of the different respiratory components of 
Reco (Fig. 2.4). RS was the component experiencing the largest variability, ranging 
from values of 30-40% of Reco during the driest periods up to 60-80% during the 
wettest periods.  
 
 
Figure 2.4 
Temporal evolution of the relative contribution of partitioned components of Reco (colored 
areas) and SWC (dotted line) during the observation period (16th May 2011 – 31st March 
2012). The different colored areas below the bold black line (RS/Reco) show belowground 
soil components contribution (RH/Reco and RAb/Reco) while the area above the line is 
aboveground autotrophic respiration contribution (RAa/Reco). DOY is day of year. 
84 
Most of the RS/Reco ratio was clearly driven by RH whose dynamics were in turn 
principally related to superficial SWC fluctuations, as will be also illustrated 
below. RAb/Reco was less variable,  its values being highest during the growing 
season and lowest during the winter coldest months. As a consequence, the 
fraction of carbon of total autotrophic origin (RAt) was generally higher during the 
growing season (62% of Reco) than during winter (53% of Reco). Mean fluxes were 
significantly lower (p < 0.001) during the November – March period for both the 
partitioned components of RS and Reco. Nevertheless, respiration fluxes of 
autotrophic origin had the largest reduction (45% less relative to May – October 
mean fluxes). On the whole, RAt was dominated by RAa which accounted for 76% 
of RAt. Average values of RH/Reco, RAb/Reco and RAa/Reco amounted to 0.41, 0.14 
and 0.45, respectively (Table 2.1). 
 
Drivers of autotrophic and heterotrophic respiration  
 
The effect of water pulses 
 
As outlined in the previous sections, during the dry growing season (May – 
October) large pulses of CO2 from the soil were recorded after rain events (Fig. 
2.3c). During these peaks more than 75% RS was represented by carbon of 
heterotrophic origin. In Fig. 2.5 the difference in respiration rates between 
consecutive sampling dates was used as a measure of short-time CO2 pulses 
variability. Quick RH changes were linearly related to fast changes of volumetric 
superficial SWC (r2 = 0.88; p < 0.001) (Fig. 2.5a). Changes of superficial soil 
temperature did not explain, on the contrary, RH variations (Fig. 2.5b). A different 
pattern was observed during the colder and wetter part of the observation period 
(November – March), when changes of soil temperature were the best descriptor 
of between-measures RH changes (r2 = 0.80; p < 0.001) (Fig. 2.5c-d). 
Interestingly, changes in respiration of autotrophic origin (RAa and RAb) were not 
explained neither by changes in SWC nor in temperature.  
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Figure 2.5 
Relationship between changes in respiration partitioned fluxes vs. changes in superficial 
(3 cm) soil water content (SWC) or temperature during the warm and dry period (May – 
October, a and b) and the cold period (November – March, c and d). Changes are 
calculated as difference between consecutive sampling dates.  
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The decoupled control of SWC, temperature and GPP 
 
The temperature sensitivity of the different components of respiration was 
assessed fitting an exponential model to the scatter of R vs. temperature (6b-d). 
As expected, respiration rates generally increased with increasing temperatures. 
Nonetheless, the relationship with temperature was significant only from 
November to March when the confounding effect of SWC was minimal (Fig. 2.6c-
d and Table 2.2). RS and RH were the components with the highest fit (r2 = 0.93 
and 0.88, respectively) while both RAa and RAb showed a weaker relationship with 
temperature.  
 
 
Figure 2.6 
Relationship between partitioned components of respiration and (a, c) superficial (3 cm) 
soil water content (SWC) and (b, d) temperature during the warm and dry period (May – 
October, a and b) and the cold period (November – March, c and d). See also Table 2.2. 
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The apparent temperature sensitivity coefficient (Q10) showed a strong 
seasonality. Table 2.2 summarizes Q10 values for the partitioned components of 
soil and ecosystem respiration. On a yearly basis, the temperature dependencies 
were close to the theoretical value of 2 for Q10 expected from biochemical 
assumptions. Nonetheless, when the dry period was excluded from the analysis, 
Q10 values increased (November – March).  The confounding effect of SWC on 
temperature control was clearly revealed from the analysis of the continuous Q10 
seasonal evolution during the whole observation period (Fig. 2.7). Values below 
the commonly accepted physiological threshold of 2 were calculated for both RH 
and RAt during periods of severe dry conditions (for example, DOY 165 – 237 and 
280 – 313, shaded areas in Fig. 2.7), thus indicating that respiration was 
insensitive or negatively correlated with temperature. 
 
 
Table 2.2 
Temperature sensitivity analysis of partitioned sources of RS and Reco for the whole 
observation period and, separately, for the warm and dry period (May – October, growing 
season) and the cold period (November – March, winter). 
  Q10 (± SE) r2 p value n      
Whole period       RS  1.62 (0.11) 0.57 <0.001 41 
RH  1.51 (0.10) 0.49 <0.001 41 
RAb  1.99 (0.26) 0.41 <0.001 41 
RAa  1.75 (0.16) 0.49 <0.001 41 
RAt  1.75 (0.14) 0.57 <0.001 41 
May - October       RS  1.59 (0.36) 0.17 0.05 23 
RH  1.35 (0.30) 0.08 >0.05 23 
RAb  2.33 (1.06) 0.14 >0.05 23 
RAa  1.43 (0.38) 0.08 >0.05 23 
RAt  1.57 (0.37) 0.15 >0.05 23 
November - March       
RS   3.53 (0.31) 0.93 <0.001 18 
RH   3.17 (0.34) 0.88 <0.001 18 
RAb   5.12 (1.62) 0.62 <0.01 18 
RAa   2.53 (0.71) 0.41 <0.01 18 
RAt   2.55 (0.58) 0.52 <0.01 18 
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Q10 raised as soon as precipitation transiently relieved the water stress (as in 
September, DOY 249 – 277) and reached a second peak during the coldest and 
wettest part of the year to coincide with the February 2012 cold spell. 
Q10 values for RAt well above 2, such as those at the end of the growing season 
(DOY 249 – 277), suggest that, in addition to temperature, other factors should 
be taken into account for plant tissues respiration processes (Bhupinderpal-Singh 
et al., 2003; Davidson et al., 2006a). RAt had a strong asymptotic relationship with 
recently assimilated carbon (r2 = 0.60) (Fig. 2.8). RAt increased steeply with GPP 
up to 1 g CO2 m-2 h-1 while at higher GPP values there was little increment. On 
the contrary, GPP explained only less than one third of RH variability. 
 
 
Figure 2.7 
Temporal evolution of the apparent temperature sensitivity coefficient (Q10) for 
heterotrophic (RH) and total autotrophic (RAt) respiration. Black symbols indicate Q10 
values derived from significant (p < 0.05) regressions. Light gray shaded areas show 
extremely dry periods when SWC was consistently below the 5% threshold. The 
horizontal dotted line indicates the global median value of 2.4 for Q10 reported for soil 
respiration by Raich and  Schlesinger (1992) . DOY is day of year. 
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2.4 Discussion 
 
Soil respiration partitioning by tree-girdling 
 
In this study a tree girdling approach has been used to estimate heterotrophic 
and autotrophic (roots plus associated microorganisms) respiration in a 
Mediterranean pine forest (Pinus pinaster) in Central Italy. Our partition study 
clearly demonstrated that RS at this site is driven by RH, which accounts for 70% 
of total belowground respiration. The 30% suppression of soil respiration 
measured on girdled plots after 20 days from the girdling treatment was within the 
24 – 65% range reported by other authors across different biomes and 
 
 
Figure 2.8 
Regression analysis between RH and RAt and GPP flux.  
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ecosystem types (Andersen et al., 2005; Bhupinderpal-Singh et al., 2003; Binkley 
et al., 2006; Bloemen et al., 2014; Chen et al., 2010; Frey et al., 2006; Högberg 
et al., 2009; Hogberg et al., 2001; Johnsen et al., 2007; Levy-Varon et al., 2012; 
Olsson et al., 2005; Subke et al., 2011).  
RAb measured by tree girdling is commonly considered a conservative estimate 
because root starch reserves can still be used up after the treatment and 
enhanced decomposition of dead roots is expected with time (Bhupinderpal-
Singh et al., 2003; Ekberg et al., 2007; Hogberg et al., 2001; Olsson et al., 2005). 
These biases are inherent to the tree girdling methodology and to other 
partitioning approaches as well, so that an ideal partitioning method does not 
exist (Hanson et al., 2000; Kuzyakov, 2006). Nevertheless, some considerations 
can be done. If it is assumed that root starch consumption accounts for a 
significant part of the CO2 flux from the girdled plots (and thus erroneously 
included into RH), RAb relative contribution should substantially increase with time 
as starch reserves are depleted. For instance, Bhupinderpal-Singh et al. (2003) 
showed that during the second year after girdling, when root starch reserves 
were exhausted,  RAb increased by additional 10 – 20% over the RAb value of 52 
– 56% measured in the first year of the experiment (Hogberg et al., 2001). 
Nonetheless, this was not the case during our partition experiment. On the 
contrary, after an initial phase lasting approximately a month, RAb contribution to 
RS stabilized to an average value of 30% throughout the growing season and 
gradually declined afterwards. Despite the confounding effect of root starch 
respiration cannot be ruled out, the temporal evolution of the effect of girdling 
suggests that root starch reserves were respired during the first weeks after the 
girdling treatment and had only a minor impact on our estimates afterwards. As 
far as concern the second source of uncertainty, microbial respiration of organic 
carbon derived from rhizosphere decomposition is expected to increase as roots 
starve and die. This is not likely to happen within a short time after girdling (Noel, 
1970). For example, Frey et al. (2006) found that after 37 days from girdling, root 
metabolic activity was actually slightly greater in fine roots from girdled trees than 
from controls. Moreover, Ekberg et al. (2007) showed that enhanced organic 
matter decomposition occurred after trees began to show major signs of decay 
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after one year from the girdling.  Our observations showed that the first visible 
signs of canopy yellowing started after 7 – 8 months after bark removal and trees 
were clearly dead after 15 months. This is supported by the fact that, throughout 
the first year of the girdling, we did not measure any difference in SWC, soil 
temperature and litterfall between control and girdled plots, thus indicating that 
trees were still able to transport and transpire soil water (Ekberg et al., 2007). 
Moreover, it should be taken into account that conifer roots, regardless of their 
size class, are characterized by a high C/N ratio (>75) and are rich of recalcitrant 
carbon compounds such as lignin, condensed tannins and terpenes which are 
responsible for slowest decomposition rates compared to broadleaf forests (Silver 
&  Miya, 2001). Our observations are consistent with this. At our site, respiration 
from girdled plots was actually higher than control plots starting from the following 
spring after the treatment, in 2012. Therefore, it is possible to hypothesize that, 
differently from other partitioning techniques where roots are abruptly excised 
(i.e. trenching experiments), root decomposition was not a large confounding 
factor in the immediate months after the girdling treatment (Bloemen et al., 2014). 
Another confirmation that our estimate of 70% RH and 30% RAb belowground 
respiration partitioning should be considered a realistic estimate for this forest 
comes from a parallel study performed within the same experimental site by 
Albanito et al. (2012) during spring 2011. The authors used a three-way model to 
partition RS into roots, litter-humus and SOM sources by means of stable carbon 
isotopes. They found that roots contribution to RS amounted to 30% while litter-
humus and SOM contributed 33% and 37%, respectively. These results perfectly 
fit with our estimates independently derived by tree girdling and add strength to 
our thesis that, at the San Rossore pine forest, RH drives RS. 
 
Drivers of partitioned fluxes 
 
At the ecosystem scale, respiration integrates both soil and aboveground 
respiration. Despite the average contribution of RS to Reco was 55%, RS/Reco  
showed a strong seasonality, ranging from value as low as 0.20 in the driest 
periods up to 0.80 during rain events and winter months. Our data clearly showed 
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that in the immediate period after rainfall RS (and in particular RH) responded to 
transient increases in superficial soil water availability faster than RAb. In contrast, 
during drought RH was strongly depressed by low SWC and therefore most of the 
ecosystem carbon release could be attributed to below and aboveground 
autotrophic sources. This pattern well integrates with previous studies performed 
in water limited ecosystems that showed that the temporal response of microbial 
and mycorrhizal respiration is expected to be faster than autotrophic respiration, 
especially in ecosystems dominated by deep rooted plants (Carbone et al., 2011; 
Huxman et al., 2004). Indeed, the majority of the microbial and mycorrhizal 
biomass is located in the litter and in the first few centimeters of the soil profile 
(Heinemeyer et al., 2007) and is, therefore, more exposed to soil desiccation.  
We also found that RAt largely contributed to Reco (> 60%), especially during the 
growing season, thus suggesting a strong dependency from substrates provided 
by photosynthesis. Indeed, despite at this evergreen conifer forest the growing 
season is usually exposed to prolonged summer drought which can substantially 
affect tree photosynthesis (Ciais et al., 2005), deep-rooted trees are expected to 
be more tolerant to water stress thanks to their ability to access deep water 
reserves (Huxman et al., 2004; Reichstein et al., 2002a).  
The general understanding is that increasing temperatures stimulate both 
microbial and plant respiration (Boone et al., 1998; Fang &  Moncrieff, 2001; 
Lloyd &  Taylor, 1994). Therefore, most models of ecosystem carbon exchange 
use temperature as major driver to predict trends in soil and ecosystem 
respiration (Reichstein et al., 2002b). Nonetheless, our findings indicate that 
different biotic and environmental controls drive the response of the partitioned 
components of Reco even within a single season. At our experimental site, 
characterized by a typical Mediterranean climate, the factor having the largest 
impact on carbon fluxes was soil water availability. Drought masked the 
temperature sensitivity of all partitioned components of Reco during most of the 
growing season. The analysis of the seasonal course of the temperature 
sensitivities highlighted that the temperature control was restored as soon as the 
water stress was relieved (i.e. at the end of the growing season and during 
winter). RH was clearly the component that experimented the largest variability, 
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being strongly affected by SWC during the growing season and by temperature in 
winter. On the contrary, autotrophic components were prevalently controlled by 
photosynthesis throughout the whole year. 
It has been suggested by several authors that rhizosphere respiration apparently 
has a greater temperature sensitivity than microbial respiration (Boone et al., 
1998; Epron et al., 2001), as we also have observed. However, Q10 values well 
above the commonly accepted range of 2 – 2.5 (Atkin et al., 2000; Raich &  
Schlesinger, 1992), should be carefully interpreted (Bhupinderpal-Singh et al., 
2003; Davidson et al., 2006a; Olsson et al., 2005).  This is because root 
respiration estimated by means of girdling approaches does not account for root 
respiration per se but include also respiration by rhizosphere heterotrophs that 
are closely associated and influenced by roots (such as, for example, 
ectomycorrhizas (Heinemeyer et al., 2007)). Davidson et al. (2006a) suggested 
that a high variability of temperature sensitivity indicate that additional factors 
confound the temperature response, thus causing inflated or suppressed 
apparent Q10. These processes may include the effect of water content on 
substrate diffusivity in soil water films which is expected to affect, above all, 
microbial respiration. Moreover, it should be taken into account that temperature 
covariates with GPP and it is, therefore, difficult to separate the effect of the 
availability of substrates supplied by photosynthesis and the seasonality of 
carbon allocation patterns within plant tissues (Bhupinderpal-Singh et al., 2003; 
Davidson et al., 2006a; Hansen et al., 1997).  
 
Water pulse effect on carbon fluxes 
 
The San Rossore conifer forest has a typical Mediterranean climate 
characterized by extended periods of summer drought with scattered precipitation 
events. These peculiar Mediterranean conditions resulted in a higher variability of 
soil respiration fluxes. The precipitation anomaly recorded during the growing 
season (May – October 2011, 102 mm of cumulated rain) had, in particular, a 
dramatic impact on RS and, above all, on RH. Quick and large pulses of CO2 from 
the soil were recorded after small summertime precipitation events of intensity as 
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low as 10 mm day-1. The amount of CO2 released from soil after summer 
precipitation events was consistent and, on the whole, amounted to almost 50% 
of the annual budget. This phenomenon has been observed in several water 
limited ecosystems and is generally referred to as the “Birch effect”, after the 
pioneering studies performed by H. F. Birch in the African savannah  (Birch, 
1958; Birch, 1959; Birch, 1964; Inglima et al., 2009; Jarvis et al., 2007; Orchard &  
Cook, 1983; Unger et al., 2010). Despite the biological mechanisms behind the 
CO2 pulses are still not fully understood, it is generally acknowledged that it 
originates from the rapid increment of the microbial mineralization of labile carbon 
compounds (Borken &  Matzner, 2009; Fierer &  Schimel, 2003; Moyano et al., 
2013). Nonetheless, most of the studies aimed to identify the sources of the CO2 
pulse underlying the “Birch effect” have been performed under laboratory 
controlled conditions, precipitation manipulation experiments or indirectly through 
isotopic approaches. At our knowledge, our partitioning experiment is the first 
study directly showing that in natural field conditions the sudden pulses of CO2 
from the soil after rewetting is clearly of heterotrophic origin. This is not 
surprising. Since microbial activity is expected to be concentrated in the upper 
layers of the soil profile it is exposed to quick variations of temperatures and 
water availability. Microbial mineralization is indeed strongly dependent on water 
availability in the uppermost soil layers because solute diffusion, excretion of 
extracellular microbial enzymes and transport of substrates across cell 
membranes need adequate soil water films (Davidson et al., 2006a; Moyano et 
al., 2013). Moreover, it has been recently proposed that the increment of 
microbial respiration is part of an adaptation strategy to cope with sudden 
changes in soil osmolarity imposed by drying – rewetting cycles (Fierer &  
Schimel, 2003; Schimel et al., 2007). As the soil dries out with the onset of the 
drought, microbes are expected to activate osmoregulatory responses to 
maintain cell turgor as soil water potential decreases. This involves the 
biosynthesis of intracellular highly enriched carbon compounds, such as low 
molecular weight carbohydrates, amino acids, amines and polyols, and extra-
cellular polysaccharides. These compounds are readily mineralized after soil 
rewetting to re-equilibrate cell osmotic pressure and avoid cell lysis induced by 
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the dilution stress (Fierer &  Schimel, 2003; Halverson et al., 2000; Harris, 1981; 
Kakumanu et al., 2013; Schimel et al., 2007). Part of the CO2 pulse might derive 
also from the respiration of dead microbial biomass by microorganisms surviving 
the drying and rewetting stress (Bottner, 1985; Kieft, 1987; Schimel et al., 2007; 
Schimel et al., 1999). Since microbial death is expected to accumulate as drought 
advances, this could explain why soil CO2 emissions were higher when water 
pulses occurred on soil that was dry for several consecutive days, as it was 
measured at the end of the summer. The respiration of labile carbon compounds 
of microbial origin (i.e. osmoregulatory solutes and dead microbial biomass) is 
expected to be a  transient and short-lived process covering a time span ranging 
from few hours to few days (Borken et al., 2003; Carbone et al., 2011; Lee et al., 
2004; Unger et al., 2010). This justifies the sudden and dramatic increment in RH 
up to 200% that we measured over pre-rain rates but does not explain the long-
term effect of the water pulse. Indeed, we found that the water pulse had a 
stimulating effect on RH lasting approximately 2 – 3 weeks. During this period RH 
gradually declined as the soil dried out again, until SWC returned below a critical 
threshold for microbial activity, which we estimated to be around 5% SWC. 
Besides, on the whole, our data do not contradict the theories outlined above, 
they suggest that different mechanisms drive RH response at the short and the 
long time scale. Some authors (Fierer &  Schimel, 2003; Unger et al., 2010) 
speculated that on longer time scales the carbon source used by microbial 
respiration is represented by soil organic material (SOM) of no microbial origin. 
This might be due to an increased availability of recalcitrant SOM for microbial 
respiration after a water pulse. Indeed, several authors reported that drying and 
rewetting cycles enhance the availability of SOM by physically disrupting soil 
aggregates with subsequent exposure of previously protected SOM (Degens &  
Sparling, 1995; Denef et al., 2001; Fierer &  Schimel, 2003; Panabokke &  Quirk, 
1957; Utomo &  Dexter, 1982). These compounds are more stable and resistant 
to microbial decomposition so that higher turnover rates are expected compared 
to labile compounds of microbial origin (Degens &  Sparling, 1995; Lundquist et 
al., 1999). This mechanism might explain why, besides the first initial pulse, RH  
was enhanced for several consecutive days and gradually declined back to 
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minimal values as evapotranspiration reduced the topsoil SWC. Indeed, our 
results clearly indicated that, during the growing season, RS and RH followed 
quite predictably SWC evolution which was, overall, the best environmental 
driver. 
Precipitation pulses exerted a stimulating effect also on RAb. Nonetheless, RAb 
peaks were considerably weaker compared to RH enhancements and, more 
importantly, reached the maximal intensity approximately one week after the 
precipitation event. A similar delay (3 – 4 days) in root vs. microbial respiration 
was recently observed also by Carbone et al. (2011) during a water addition 
experiment in a Central California pine forest with Mediterranean-type climate. 
The authors suggested that this lag could be due to the time required by water to 
infiltrate into the soil and reach a sufficient soil moisture threshold to reactivate 
plant photosynthesis (as for the conceptual “threshold  - delay” model proposed 
by Ogle and Reynolds (2004)). Besides our data could not prove or dismiss this 
theory, it has to be taken into account that this model has been originally 
proposed for desert ecosystems, which are very different from forest ecosystems 
in terms of plant species composition, biological adaptation to extreme dry 
conditions and soil characteristics. For example, at our experimental site, for the 
largest part of the growing season, soil showed a steep SWC profile, with very 
low superficial SWC but relatively humid deep soil layers. In these conditions, 
trees are less affected by drought thanks to their ability to access with the roots 
deep water reserves (Reichstein et al., 2002a). Moreover, summer rain events 
quickly raised superficial SWC while had no impact on deep soil water content. P. 
pinaster and P. pinea are drought-avoiding species which, in addition to a vertical 
primary root system, have also a well-developed shallow root apparatus (Picon et 
al., 1996; Zenone et al., 2008). As a consequence, they can take advantage of 
the transient increase of superficial SWC following a rain event. Besides at the 
seasonal scale photosynthetic activity can be strongly limited by additional 
constraints (high air temperature, high vapor pressure deficit and photoinhibition, 
which all trigger stomatal closure), even small precipitation events can transiently 
alleviate the water stress and quickly recover photosynthetic activity. This is 
supported by our eddy covariance data, which showed the highest GPP rates 
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during or immediately after growing season rain events, with no apparent delay. 
We suggest that the delayed response of RAb peaks might reflect the time lag 
requested to reach roots by the photosynthates recently assimilated after the 
water stimulus. In a recent review, Kuzyakov and Gavrichkova (2010) found that 
for mature trees the time lag between photosynthesis and soil CO2 efflux is in the 
order of 4 – 5 days and that the transport of assimilates in the phloem is the rate 
limiting step which, in turn, is a function of plant height. The strong dependency of 
RAb from recently fixed carbon has been documented by means of tree girdling, at 
first, by Hogberg et al. (2001) and subsequently by several other authors 
(Andersen et al., 2005; Bhupinderpal-Singh et al., 2003; Chen et al., 2010; Frey 
et al., 2006; Högberg et al., 2009; Johnsen et al., 2007; Olsson et al., 2005; 
Subke et al., 2011). Our partitioning experiment support these findings. As we 
have discussed in the previous section, we found that RAb changes were not 
correlated neither with air or soil temperature nor with SWC. RAt, on the contrary, 
showed a strong relationship with the amount of carbon provided by 
photosynthesis. Secondly, these data confirm that the girdling treatment was 
effective to stop the flux of energy supply from the canopy to the roots since soil 
respiration fluxes from girdled plots (estimated RH) did not show any delayed 
response to water pulses and were not dependent from GPP.  
 
2.5 Conclusions 
 
In this study we combined data from a tree-girdling experiment and from eddy 
covariance to partition soil and ecosystem respiration into heterotrophic and 
autotrophic components. Our belowground partitioning experiment showed that 
RS response was clearly driven by RH whose contribution averaged to 70% of RS, 
with higher peaks after rain events.  RH and, therefore also RS, responded quite 
predictably to environmental controls. Nevertheless a dichotomous response was 
observed during the hot and dry growing season and during the wetter and colder 
winter. Soil water availability was the major control of RH during May – October. 
During this period, severe drought masked the temperature response of 
respiration which was restored only during the wettest days and from November 
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to March. Overall, total soil CO2 efflux was responsible for a release of 872 g C 
m-2 of which 649 g C m-2 derived from microbial respiration.  
Despite in the soil RH drives belowground respiration, at the ecosystem scale, we 
estimated that heterotrophic and autotrophic sources contributed 40% and 60% 
of Reco, respectively. Therefore, the amount of carbon released back into the 
atmosphere derived principally from autotrophic sources and in particular from 
RAa. Our data suggested that photosynthesis was the major driver of RAt 
throughout the whole observation period, thus highlighting the important role 
exerted by newly assimilated carbon. Combining results from the partitioning 
study with data derived from the eddy covariance system, we estimated that over 
the whole year of this study gross carbon uptake amounted to 1600 g C m-2 and 
that 930 g C m-2 were respired back into the atmosphere by below and 
aboveground plant tissues.  
Large and consistent peaks of CO2 releases were recorded from the soil after 
drying – rewetting cycles, as has been observed in many water limited 
ecosystems. Our data derived from natural field conditions unequivocally 
indicated that the quick soil CO2 pulse derived from the rapid microbial oxidation 
of labile carbon compounds. Nonetheless we observed also a delayed effect of 
the water pulse on RS which we ascribed to the slower mobilization of more 
recalcitrant SOM and to the time lag requested by recently assimilated 
photosynthates to be translocated from the canopy to the root system. 
On the whole, our data highlight the complexity of the processes responsible for 
the release of CO2 from the ecosystem. Despite the underlying mechanisms 
might be common across different biomes and ecosystem types, the magnitude 
with which biotic and environmental controls affect the ecosystem response may 
be significantly different. Moreover, even within a single ecosystem, their relative 
importance is not constant in time but vary upon the current ecological conditions 
and the previous meteo-climatic history. A mechanistic understanding of these 
processes and their temporal dynamics is, therefore, fundamental to 
parameterize the climatic feedbacks at larger temporal and spatial scales and to 
improve our ability to model ecosystem response to future climate change 
scenarios. 
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Chapter three 
Forest carbon fluxes during and after drought:  
the effect of rain pulses 
 
 
 
 
 
 
 
3.1 Introduction 
 
Ecosystem respiration (Reco) represents the most important flux of carbon after 
photosynthesis (Ciais et al., 2013). Its amount is the sum of the carbon dioxide 
emitted by above and below ground vegetal tissues (total autotrophic respiration) 
and decomposition of organic matter (heterotrophic respiration) (Luo &  Zhou, 
2006).  
A large proportion of Reco is represented by the CO2 flux from soil (RS), with a 
contribution spanning from 30 to 90% (Kuzyakov, 2006; Luo &  Zhou, 2006; 
Raich &  Schlesinger, 1992). RS integrates the release of CO2 from different 
sources: the complex of roots and associated microorganism (rhizosphere), the 
decomposition of soil organic matter (SOM) and abiotic sources (Hanson et al., 
2003; Kuzyakov, 2006). Since Reco is the macroscopic result of so many different 
interrelated processes, the quantification of its dynamics is an evidently complex 
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task. Furthermore, the relative contribution of the different components of Reco is 
neither constant in time nor in space. Their responses are not only affected by 
current environmental variables but also by antecedent soil and biological 
conditions (Hanson et al., 2000). The net balance between the biochemical 
carbon assimilation driven by photosynthesis (gross primary production, GPP) 
and Reco determines the net ecosystem exchange (NEE). The capability of an 
ecosystem to be a net sink of CO2 depends therefore on its ability to fix and 
retain more carbon than is respired back into the atmosphere. If the opposite is 
true the ecosystem turns in a net source of CO2. How this carbon balance is 
modulated by environmental variables is one of the key questions that modern 
ecology needs to answer in order to characterize the ecosystems response to 
future climate change scenarios (Law et al., 2002). Under this point of view, 
climatic anomalies such as heat waves, droughts and altered precipitation 
patterns provide a unique opportunity to obtain experimental information on biotic 
and abiotic controls. Monitoring ecosystem exposed to anomalous and extreme 
climate events is fundamental to improve the parameterization and the ability of 
models to simulate responses and feedbacks at larger temporal and spatial 
scales.  
The worldwide Fluxnet network of experimental sites across different biomes 
allows for long term continuous monitoring of NEE and its partitioning in GPP and 
Reco by means of the eddy covariance micrometeorological technique (Baldocchi 
et al., 2001; Baldocchi, 2003; Miglietta &  Peressotti, 1999; Valentini, 2003). 
This technique allows to monitor at site level intra and inter-annual variations of 
ecosystem carbon fluxes and, combined with remote sensing approaches and 
biogeochemical modelling, to scale ecosystem response to environmental 
variables and climatic anomalies at the regional and continental scale. Using this 
combined approach, it was possible to demonstrate that the European heat wave 
of 2003 was responsible for a 30 per cent reduction in GPP over Europe which 
resulted in an anomalous net source of carbon dioxide to the atmosphere, 
reversing the effect of four years of net ecosystem carbon sequestration (Ciais et 
al., 2005; Janssens et al., 2003). 
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Mediterranean ecosystems are ideal models to study ecosystem functioning 
since their climate offers, even within just a single year, a wide range of 
environmental conditions that enable to decouple the effect of the different 
climatic drivers (i.e. soil and air temperature, photosynthetic active radiation, soil 
moisture, rain amount) by means of relatively simple empirical regression 
models. This is also the case for several other areas outside the Mediterranean 
basin that show a Mediterranean-type climate, particularly in California, 
southwestern and southern Australia, central Chile and southern Africa, for an 
estimated total area of about 2.75 million km2 (Rambal, 2001). 
The Mediterranean climate, in particular, is characterized by long hot and dry 
summer periods and an inconsistent inter annual and seasonal distribution of 
precipitation (Luterbacher et al., 2006). Rainfall is usually more abundant in 
autumn while during the summer season it is rather frequent to experience 
extended periods of severe drought. This is due to an extensive lack of 
precipitation and concomitant high air temperatures and intense solar radiation 
which translates into a high evapotranspiration demand and finally into water 
stress if the water deficit persists. Global climate models suggest that climate 
variability is expected to increase in the future (IPCC, 2007; IPCC, 2013). For 
example, in the southern European and Mediterranean area Christensen et al. 
(2007) reported for the end of this century an increase in the mean annual 
temperature ranging from 2.2°C to 5.1°C and a decrease of mean precipitation in 
the order of -4 to -27% over the reference period 1980 - 1999. Both variations are 
expected to be larger in summer. Even if at the global scale the frequency and 
the intensity of rainfall events increased during the 20th century (Trenberth, 2011), 
for the future a shift toward more extreme events is expected (Tebaldi et al., 
2006; Trenberth et al., 2003). 
The dependencies of plant and soil respiration from air and soil temperature are 
well known (Raich &  Schlesinger, 1992). Based on standard biochemical 
assumptions, an exponential increment in respiration rates is expected for 
warmer temperatures (Fang &  Moncrieff, 2001; Lloyd &  Taylor, 1994). 
Respiration dependency on soil moisture has been, on the contrary, more difficult 
to quantify since water availability affects plant and microbiological processes 
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differently and can therefore modify the temperature sensitivity of respiration 
(Davidson et al., 2006; Qi &  Xu, 2001; Qi et al., 2002; Reichstein et al., 2002). 
Traditional soil respiration models based on the exponential temperature 
dependence are difficult to generalize to the arid, semi-arid and Mediterranean 
ecosystems. This is due to several factors:  
a) in these ecosystems soil moisture depends strongly on rainfall that is variable 
in time and space;  
b) soil water availability undergo rapid changes over time depending on soil 
retention properties, air temperature and evapotranspiration rate;  
c) the seasonal and annual variation in soil water content can influence both site 
specific plant and microbial species abundance and community composition 
which in turn translates in a variation in the ecophysiological processes regulating 
carbon pools and fluxes such as primary production, autotrophic and 
heterotrophic respiration;  
d) plants and microbes react non linearly to drought and rewetting cycles with 
different temporal dynamics ranging from short-term responses to long-term 
changes. 
Several studies indeed highlighted that carbon fluxes in seasonal water limited 
ecosystems not only depend on soil temperature and soil water content, but also 
on the temporal distribution of rain pulses (Almagro et al., 2009; Borken &  
Matzner, 2009; Jongen et al., 2011; Ross et al., 2012). While during droughts 
ecosystem and soil respiration are limited by low soil water content, quick and 
large CO2 emissions have been measured immediately after rewetting of the dry 
soil (Jarvis et al., 2007; Unger et al., 2012). This phenomenon, known as the 
“Birch effect”, is responsible for the release of large amount of CO2 when 
compared to the typical emissions of the dry season and can affect substantially 
the annual carbon balance (Inglima et al., 2009; Xu et al., 2004). Despite the fact 
that the underlying biochemical mechanisms associated with this response are 
still unclear, both laboratory and field experiments demonstrated that it is the 
microbial respiration that shows the greatest variability during drying and 
rewetting cycles (Birch, 1958; Birch, 1959; Birch, 1964; Borken &  Matzner, 2009; 
Fierer &  Schimel, 2003; Moyano et al., 2013).  
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In order to clarify how prolonged drought periods and water pulses affect 
ecosystem and soil CO2 efflux response, several studies have been performed 
worldwide in different arid and semi-arid ecosystems comprising deserts (Austin 
et al., 2004; Cable &  Huxman, 2004; Huxman et al., 2004b), grasslands (Aires et 
al., 2008; Almagro et al., 2009; Bowling et al., 2011; Huxman et al., 2004a; 
Jongen et al., 2011; Pereira et al., 2007; Xu &  Baldocchi, 2004; Xu et al., 2004) , 
shrublands and woodlands (Almagro et al., 2009; Pereira et al., 2007; Unger et 
al., 2010; Unger et al., 2012).  Studies on Mediterranean (Jarvis et al., 2007; 
Misson et al., 2010) or Mediterranean-type forests (Carbone et al., 2011) on the 
other hand are scarce. Moreover, only a minor part of these works analyze the 
response of Reco and RS at the same time. Indeed, while fluxes at the ecosystem 
level can be continuously measured by techniques such as eddy covariance, 
constant monitoring of soil CO2 emissions is difficult to accomplish. This is due to 
the fact that, even at the site level, a representative spatial average of RS typically 
relies on time consuming manual chamber measurements. Moreover, in order to 
detect rapid variations in soil CO2 efflux, chamber observations have to be 
performed continuously or at regular intervals for long time periods (Davidson et 
al., 2002; Kuzyakov, 2006).  
In this chapter I present and discuss observations of carbon fluxes in a 
Mediterranean maritime pine (Pinus pinaster) forest in Central Italy during an 
exceptionally dry year (2012) characterized by a prolonged drought in spring and 
summer. Data from continuous eddy covariance measurements and concomitant 
periodic measurements of soil carbon efflux allowed to: (1) describe the temporal 
evolution of NEE and RS during the winter, cold season, the spring onset of the 
drought phase, the prolonged summer water stress and the subsequent rewetting 
in autumn; (2) investigate simultaneously the response of Reco and RS to different 
environmental drivers and in particular to soil temperature and soil water content; 
(3) capture the temporal dynamics of both ecosystem and soil fluxes response to 
sudden rain pulses on dry soil; (4) quantify the contribution to the carbon balance 
of soil emissions following water pulses.  
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3.2 Materials and methods 
 
Site description 
 
The study site is located in a maritime pine forest in Central Italy (Tuscany) 
characterized by a typical Mediterranean climate with humid and mild winter and 
dry and hot summer. The experimental area lies within the boundaries of the 
Regional Park of San Rossore – Migliarino – Massaciuccoli (43°43’43’’ N, 10°17’ 
13’’ E, 6 m a.s.l.), in an almost flat area (slope < 3%) characterized by the 
presence of sandy dunes and located between the Arno and Serchio rivers, 800 
m inland from the sea cost.  
The vegetation was naturally renovated following a wildfire in 1944 and therefore 
was at the moment of this study (2012) 67 years old. The dominant species is 
Pinus pinaster Ait. with sparse Pinus pinea L. and Quercus ilex L. trees. The 
average stem density is 565 trees ha-1, diameter at breast height is 29 cm and the 
average canopy height is 18 m. Ground vegetation is represented by sparse 
Erica arborea, Phyllirea angustifolia, Rhamnus alaternus and Myrtus communis.  
The soil is a sandy calcareous regosoil with a content of 93% sand, 4% clay and 
3% silt in the first 10 cm of the soil profile. The organic layer has a thickness of 
2.7 ± 0.4 cm, 43.8% soil organic carbon content, C/N ratio of 32.5 and pH 4.4. 
Carbon content and C/N ratio is, respectively, 13.9% and 30 in the uppermost 1 
cm of mineral soil, 1% and 13.5 in 10 cm deep mineral soil (Rosenkranz et al., 
2006). The water table depth in 2012, ranged from 62 cm (in autumn) and 184 
cm (at the end of the drought period). Root biomass is concentrated between 0 
and 40 cm, but maritime pine can reach the water table with the taproot. 
 
Net ecosystem CO2 measurements and CO2 flux partitioning 
 
Net ecosystem CO2 exchange (NEE) was measured continuously during 2012 on 
a half-hourly basis using an open-path infra-red gas analyzer (IRGA; LI-7500, Li-
Cor, Lincoln NE, USA), and a 3-dimensional sonic anemometer (R3, Gill 
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instruments, Lymington, UK), both installed at a height of 23 m on top of a 
retractable mast. 
NEE was determined as the CO2 flux including frequency and WPL correction. 
For these flux calculations, the EdiRe software package was used (R. Clement, 
University of Edinburgh, 
http://www.geos.ed.ac.uk/abs/research/micromet/EdiRe). Gap filling and flux 
partitioning were performed with the online eddy covariance data gap-filling and 
flux-partitioning tool (Reichstein et al. (2005), see also  www.bgc-
jena.mpg.de/~MDIwork/eddyproc/method.php), including u*-filtering to replace 
unreliable data due to low-turbulence conditions with gap-filled data. Only fluxes 
obtained during periods with 0.196 < u* < 0.948 were considered. This procedure 
resulted in a consistent data set of high quality night-time fluxes.  
Using the online tool, the partitioning of the measured NEE into GPP and Reco 
was achieved employing a stepwise procedure and algorithms (Owen et al., 
2007). With the equation introduced by Lloyd and Taylor (1994), this procedure 
established a short-term temperature dependent ecosystem respiration from 
turbulent night-time data in order to estimate the parameters of the following 
daytime respiration equation: 
 
𝑅𝑒𝑐𝑜 = 𝑅𝑟𝑒𝑓 × 𝑒𝐸0×��1 𝑇𝑟𝑒𝑓−𝑇0⁄ �−(1 𝑇𝑎𝑖𝑟−𝑇0⁄ )�     (3.1) 
 
where Tref is 10 ºC, T0 is constant (−46.02 ºC), Tair is the air temperature, E0 is the 
activation energy, and Rref is the reference ecosystem respiration at 10 ºC. Initial 
estimates for E0 were based on time windows of 10 days and a step of 4 days 
plus assuming a constant value for E0 during the year (Reichstein et al., 2005). 
Time dependent changes in Reco were obtained through an estimation of Rref 
using the window of 10 days and a step of 4 days. The final value of Reco for each 
half-hour was calculated using the values of Rref and constant E0. GPP was then 
obtained as: 
 GPP = 𝑅𝑒𝑐𝑜 − NEE         (3.2) 
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Within this work it has been followed the convention of positive values for both 
GPP and Reco. NEE fluxes with a positive sign indicate net carbon losses from the 
ecosystem while a negative sign indicates a net carbon uptake. 
 
Soil respiration and soil environmental parameters 
 
Soil CO2 efflux was measured throughout 2012 on a weekly basis using a 
portable closed dynamic chamber system (EGM4 analyzer with SRC-1 chamber, 
PP System, Amesbury MA, USA). With the aim to account for an adequate 
spatial variability, soil respiration measurements were performed inside 3 
randomly selected plots within the eddy covariance footprint. In each of the 3 
plots, 4 sampling points were selected according to a stratified sampling strategy 
amongst an initial number of 12 randomly selected sampling points (Rodeghiero 
&  Cescatti, 2008). In order to guarantee repetitiveness over time, soil respiration 
measurements were performed over pre-set fixed-positioned metal collars (10 cm 
diameter, 5 cm height) inserted 2 cm into the soil. The portable chamber was 
modified to guarantee an optimal seal with the metal collars and the final volume 
(chamber volume plus collar head-space) was adjusted in the analyzer settings. 
Superficial (0 – 10 cm) soil water content (SWC, Trime-HD handheld device with 
Trime-EZ time domain reflectometry probe, IMKO, Ettlingen, DE) and superficial 
(5 cm) soil temperature (STP-1 soil temperature probe, PP System, Amesbury 
MA, USA) were recorded for each sampling point at the same time as the soil 
respiration. Measurements took place between 11 a.m. and 15 p.m. (local time) 
and, in total, 576 soil respiration measurements were carried out throughout 
2012.  
Several sensors in the proximity of the eddy covariance tower and of the soil 
respiration plots allowed the continuous recording of SWC vertical profile at 10 
cm , 50 cm and 120 cm (Trime-Mux 6, time domain reflectometry probes, IMKO, 
Ettlingen, DE), soil temperature vertical profile at 3 cm, 15 cm and 50 cm (PT-
1000 temperature sensors), water table depth (Micro-Diver DI6xxx, Schlumberger 
Water Services, Houston TX, USA) and soil heat flux (HFP01, Hukseflux, Delft, 
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NL). Half-hourly averages were stored on a datalogging system (DL2e 
datalogger, Delta-T, Cambridge, UK). 
 
Meteorological data and above canopy environmental parameters 
 
Rainfall was measured above canopy with an ARG100 rain gauge 
(Environmental Measurements, North Shields, UK). Air temperature and relative 
humidity were measured with a thermistor and capacitive relative humidity sensor 
probe (RTF2, UMS, Munich, DE).  
Long term precipitation and air temperature data were obtained from a 
meteorological station located at a distance of approximately 10 km (Regional 
Hydrologic Service of Tuscany). Starting from 2000, meteo data have been 
collected at the San Rossore site. 
The incoming short wavelength solar radiation was measured with a Li-200 
Pyranometer (Li-Cor, Lincoln NE, USA). Total and diffuse photosynthetic active 
radiation (PAR) plus the sunshine state were measured with a sunshine sensor 
(BF3, Delta-T, Cambridge, UK). Half-hourly averages of all data were stored on a 
datalogging system (DL2e datalogger, Delta-T, Cambridge, UK). 
 
Temperature sensitivity analysis 
 
The relationship between temperature and soil and ecosystem respiration was 
fitted using the simple empirical exponential model proposed by Vant’Hoff: 
 
𝑅𝑥 = 𝑅0 × 𝑒𝛽𝑇          (3.3) 
 
where Rx is the measured respiration rate (RS or Reco), R0 is the respiration rate at 
0°C, β is a temperature response coefficient and T is the temperature. The 
temperature sensitivity coefficient describing the change in respiration caused by 
a change in temperature by 10°C is defined as: 
 
𝑄10 =  𝑅𝑇0+10𝑅𝑇0            (3.4) 
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where 𝑅𝑇0 and 𝑅𝑇0+10 are the respiration rates at temperatures T0 and T0+10, 
respectively. 
Q10 can be estimated from the coefficient β of regression equation (3.3), as 
follows: 
 
𝑄10 = 𝑒10𝛽          (3.5) 
 
and, as a consequence, equation (3.3) can be rewritten also as: 
 
𝑅𝑥 =  𝑅0 ×  𝑄10𝑇 10�           (3.6) 
 
The best fitting of equation (3.3) was achieved with the superficial soil 
temperature (3 cm depth). Therefore this variable has been used to calculate the 
temperature sensitivity coefficient, Q10.  
     
3.3 Results and discussion 
 
The San Rossore experimental site is characterized by a typical Mediterranean 
climate with a prolonged dry season starting in late spring and peaking in July 
and August. This is due to usually persistent summer African anticyclonic 
conditions associated to clear skies, sunshine, low wind speeds, high 
temperatures and dry weather. The mean long term 1980 - 2012 annual air 
temperature is 15.35 °C, with the highest value measured in August (24.16 °C) 
and the lowest in January (7.40 °C). Mean 1980 - 2012 annual precipitation 
amounts to 883 mm, 50% of this being concentrated in autumn. The driest month 
is July with a mean rainfall of 18 mm, while October and November are the 
wettest with 138 mm each. Fig. 3.1 reports 2012 monthly anomalies of air 
temperature and precipitation expressed as deviations from the reference period 
1980 - 2012. Even if, as a whole, 2012 was an average year for what concern 
both mean annual air temperature (14.98 °C) and total precipitation (914 mm),  
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it was characterized by two climatic anomalies: a winter anomaly associated with 
very low air temperatures (Fig. 3.1a) and strong reduction of precipitation both in 
winter and summer months (Fig. 3.1b). With a mean air temperature of 4.5°C, 
February 2012 was the coldest month since 1942 at a nearby meteorological 
station managed by the Regional Hydrologic Service of Tuscany. This unusually 
cold weather was due to an incursion of persistent cold polar air from northern 
Russia that hit the whole Europe (WMO, 2012) starting from mid of January. 
 
 
Figure 3.1 
2012 mean monthly air temperature (A) and precipitation (B) anomalies from the long 
term mean (1980 – 2012). 
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Concerning precipitation, even if there was a consistently lower rainfall compared 
to the long-term mean also in the first part of the year (January to March), the 
negative anomaly was strongest in June and in July (Fig. 3.1b). With a 
cumulative rain of only 7.2 mm these two months were the driest since 1935. This 
lack of rain in the central part of the year was shouldered by above mean water 
inputs in spring (April and May) and in the second part of August. Finally, the end 
of 2012 was significantly wetter than the long term means.  
Looking at the temporal evolution of the mean daily meteorological parameters 
during the course of 2012 (Fig. 3.2a), it is evident how, starting from late spring, 
soil water content (SWC) constantly decreased until it reached a minimum value 
of 3% in July and August. This decline was associated with a prolonged absence 
of significant rainfall from mid of May till the end of August for a total of 95 
consecutive days with maximum daily rainfall below 5 mm and 52 consecutive 
days without any rainfall. On the whole, from 22 May to 24 August only 9 mm of 
rain were recorded. Small precipitation events (< 5 mm day-1), such as those in 
the first part of June (10, 11 and 12 June for a total of 7 mm), were unable to 
affect superficial SWC due to canopy interception and elevated 
evapotranspirative demand when air temperatures were high and photosynthetic 
activity was at its maximum (Parton et al., 2012; Sala et al., 1992). Starting from 
late August, intermittent water inputs of higher intensity (> 10 mm day-1) followed 
by dry-down periods only temporarily recharged the SWC because the interval 
between pulses was too long. SWC was substantially recharged only in the last 
months of the year when air temperature was lower and precipitation was more 
intense. 
The large seasonal variability in SWC and precipitation distribution in 2012 
offered the unique opportunity to investigate how carbon fluxes were modulated 
at the ecosystem level. Given that NEE represents the balance between the 
carbon fixed through photosynthesis and the carbon released by respiration 
processes, its response to environmental drivers such as soil and air 
temperature, SWC and precipitation distribution is complex to analyze as a 
whole.  
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Figure 3.2 
2012 annual time series course of: (A) meteorological (mean daily air temperature (T air), 
total daily precipitation (PPT)) and soil parameters (mean daily superficial (3 cm) soil 
temperature (T soil), mean daily superficial (0 – 10 cm) soil water content (SWC)); (B) 
daily values of net ecosystem exchange (NEE);  (C) soil respiration rates (RS) measured 
at weekly intervals (48 sampling dates). The grey area highlight the warm period from 1 
June to 31 October when soil temperature was consistently above 16°C. The black arrow 
in panel B points out the net ecosystem carbon losses experienced in late summer and 
autumn. Superimposed black bars in panel C indicate daily precipitation amounts (mm), 
error bars are ± SE. 
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Nevertheless, from the combined analysis of the temporal pattern of NEE and 
related environmental drivers, it is possible to derive some general patterns (Fig. 
3.2b): 
 (1) Daily NEE fluxes were weak under condition of low temperatures and low 
SWC. This was particularly evident in the first part of the year characterized by 
the cold winter and by a negative anomaly in precipitation. 
(2) A net carbon uptake (NEE values negative) was observed during the spring 
when air temperature, light and SWC allowed optimal photosynthetic activity. 
 (3) With the onset of the summer drought, the ecosystem gradually switched to a 
source of CO2 (NEE values positive). 
 (4) Large emissions were associated to precipitation events especially in the 
autumn when temperature was not yet limiting respiration.  
To factor out the sources of these carbon emissions during the dry season and 
the subsequent rewetting phases, the temporal evolution of Reco and RS has been 
investigated. In Fig. 3.2c the time series analysis of RS measurements is 
illustrated superimposed to the daily precipitation. Soil CO2 efflux showed the 
minimum annual values in the coldest period of the year (February) in 
coincidence with the lowest annual soil temperature (Fig. 3.2a). From March to 
June RS increased gradually in parallel with an increase of soil temperature, thus 
suggesting a strong control through temperature when SWC is not a limiting 
factor. With the beginning of the dry season, RS gradually declined till the lowest 
summer values during August.  
This decline of RS clearly followed the temporal evolution of summer SWC, 
indicating the onset of a water limitation effect. Moreover, it is worth to highlight 
the three high respiration peaks observed in the second part of the year and 
clearly associated with three water pulses, with the highest emissions at the end 
of August when the rain pulse occurred on dry soil. These emissions were 
transient, decreasing again as soil dried out. During the rain events the increase 
in soil respiration was higher than expected based on temperature and SWC 
values. This suggests that the timing of rain pulses is an important control of RS 
for the seasonally dry soil of San Rossore, thus adding further complexity to the 
characterization of carbon exchanges from the forest ecosystem.  
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Based on the outcome of the analysis described above, the decoupled control of 
soil temperature, SWC and rain pulses on RS under different soil environmental 
conditions has been evaluated. Data presented in Fig. 3.3 show the relationship 
of RS with SWC (Fig. 3.3a) and soil temperature (Fig. 3.3b). When soil 
temperature was above an empirically determined limiting threshold of 16°C, RS 
was significantly correlated (r = 0.92, p < 0.001) with SWC, while when soil 
temperature was below 16°C the effect of SWC was not evident. The model 
describing the response of RS to increasing SWC when soil was above 16°C 
follows a linear relationship explaining 85% of RS. With the aim to quantify the 
temperature sensitivity of RS, a canonical exponential model was subsequently 
fitted on respiration data (Fig. 3.3b). In order to minimize the confounding effect 
exerted by soil water shortage during the dry season days with SWC < 6% were 
excluded from the analysis. Fig. 3b indicates that, as expected, RS increased with 
increasing temperatures with a Q10 value of 2.4 (r2 = 0.90). While at the 
biochemical level Q10 is around 2, data derived in the field for RS in different 
geographical locations and ecological conditions show a median value of 2.4 
 
 
Figure 3.3 
Relationship between (A) soil respiration (RS) and superficial (0 – 10 cm) soil water 
content (SWC) when soil temperature (3 cm depth) was ≥ 16°C ( black circles) and (B) RS 
and soil temperature when SWC was not limiting (≥ 6%) (black circles). RS values when 
soil was cold (< 16°C) or dry (< 6%) are reported as white circles in both panels. 
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(Raich &  Schlesinger, 1992) in line with the value observed in this study. These 
results confirm the previous hypothesis that soil carbon emission at San Rossore 
is controlled by independent drivers under different climatic conditions; i.e. SWC 
was the main driver from June to November when soil temperatures were not 
limiting (shaded area in Fig. 3.2a) while RS was controlled by soil temperature in 
the colder, wet part of the year.  
In order to illustrate the mechanisms behind the carbon release during water 
pulses, in the following section it is described in more detail the temporal 
evolution of the RS and Reco peaks occurred in late summer and autumn when 
several isolated rains stimulated a net carbon efflux from the ecosystem.  
Fig. 3.4a reports, as an example, two peaks of RS and Reco fluxes experienced in 
late August (DOY 240 – 248) and early October (DOY 278 – 283). A strong 
enhancement in RS was measured on 27 August (DOY 240), with an increment of 
200% relative to the pre-rain respiration rate (from 0.22 to 0.66 g CO2 m-2 h-1). 
This dramatic response of RS was due to the cumulative effect of only 17.80 mm 
of rain fallen on 25 and 26 August (DOY 238 and 239) on dry soil that had not 
received more than 5 mm day-1 rains for 95 consecutive days. During this event, 
superficial SWC increased from the lowest summer value of 3% to 8% almost 
immediately. A second larger precipitation event, with daily rainfall up to 43 mm, 
was subsequently recorded on 31 August (DOY 244). Despite the larger water 
input that quickly recharged again SWC from 4% up to 12%, this rain event 
caused only an 11% increase in RS (from 0.66 to 0.73 g CO2 m-2 h-1). Water 
pulses of intensity lower than 5 mm  day-1 did neither significantly altered soil nor 
ecosystem carbon emissions and in the following 15 days RS gradually declined 
as soil dried out (Fig. 3.4b). Taken together, the rain events occurred between 
DOY 238 and 247 yielded a total water input of 79 mm and an increment in RS of 
230% over pre-rain values with an effect on soil carbon emissions lasting for 
approximately 27 days. A second RS peak of similar intensity was recorded on 
early October (DOY 278 - 283) following 78 mm of rain on DOY 271, 274 and 
275. This caused a boost in SWC from a pre-rain value of 5% to 20% and a 
parallel 90% enhancement of RS (from 0.39 to 0.74 g CO2 m-2 h-1).  
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Figure 3.4 
Detail of soil (RS) and ecosystem (Reco) respiration peaks (A) following post-drought water 
pulses during the warm - wet period (from DOY 235 to 304, 25 August to 31 October) 
and, in particular, on DOY 238 – 246 (25 August – 02 September) and DOY 270 – 275 
(26 September – 01 October) (B). The dotted line in panel B indicate the superficial (0 -10 
cm) soil water content (SWC) trend while vertical black bars denote daily precipitation 
amounts. DOY is day of year. 
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These observations support the hypothesis that RS is strongly affected by the 
temporal pattern of precipitation, with a response that is increasing with the 
number of days passed since the last significant rainfall. Other peaks induced by 
precipitation events were recorded in 2012, but the largest ones were those in 
the second part of year, when soil temperature was still relatively high and did not 
limit respiration.  
In order to test if the considerations outlined above about the effect of the timing 
of the rainfall could be extended also to other peaks in RS, the relationship 
between water induced enhancements in RS (calculated as the difference in RS 
before and after a water pulse) and pre-rain RS was analyzed. The inverse 
relationship of Fig. 3.5 points out that when a water pulse happened on dry soil 
(low pre-rain RS values) there was the highest increment in soil carbon efflux 
while, on the contrary, if the water pulse occurred on wet or recently rewetted soil 
(high pre-rain RS) the enhancement was minimal.  
 
 
 
Figure 3.5 
Analysis of the relationship between soil respiration enhancements (RS enh.) and pre-rain 
RS. RS enhancements were calculated as difference between RS rates measured before 
and after rain events. Only RS enhancements when soil temperature was not a limiting 
factor were analyzed. 
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RS integrates carbon effluxes of both autotrophic and heterotrophic origin, but 
their relative contribution is not constant in time (Hanson et al., 2000). A recent 
partitioning study by means of stable isotopes performed at San Rossore by 
Albanito et al. (2012) indicated that the sum of carbon derived from litter and 
humus sources accounted for 70% of RS. These authors measured RS only for a 
short period of time in spring 2011 and as a consequence it is impossible to 
derive from this study if the contribution from the different components of RS 
varies over time and especially after rain events. Nevertheless, since the 
temporal response of microbial and mycorrhizal respiration is expected to be 
faster than that of autotrophic respiration, especially in ecosystems dominated by 
deep rooted plants (Carbone et al., 2011; Huxman et al., 2004b), it can be 
hypothesized that the fast RS enhancement following rewetting of dry soil can be 
associated with a stimulation of the heterotrophic respiration (see also Chapter 
2). Indeed, the majority of the microbial and mycorrhizal biomass is located in the 
litter and in the first few centimeters of the soil profile and is, therefore, more 
sensible than roots to quick rewetting of dry soil (Heinemeyer et al., 2007). This 
phenomenon has been also documented in several other works performed 
worldwide in water limited ecosystems and it is usually referred to as “the Birch 
effect”, from the name of H. F. Birch who first noted it in the African savannah 
(Birch, 1958; Birch, 1959; Birch, 1964; Inglima et al., 2009; Jarvis et al., 2007). 
Despite the fact that the biological mechanisms underlying this phenomenon are 
still not fully understood, several explanations have been proposed (Borken &  
Matzner, 2009; Moyano et al., 2013; Schimel et al., 2007). For example, based 
on studies performed under laboratory controlled conditions, Fierer and Schimel 
(2003) found that the CO2 pulse from soil samples exposed to drying and 
rewetting cycles was entirely due to the microbial mineralization of intracellular 
highly enriched carbon compounds accumulated in the microbes’ cytoplasm 
during the dry period as part of a surviving strategy to cope with enhanced soil 
osmolarity. Other authors reported a decrease in the microbial biomass 
associated to water stress and suggested that cell lysis increases the availability 
of new organic substrates to be respired by more drought tolerant surviving 
microorganisms during the rewetting phase (Kieft, 1987; Schimel et al., 1999).  
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Other complex physical mechanisms, including disruption of soil aggregates with 
subsequent exposure of previously protected SOM (Denef et al., 2001; Utomo &  
Dexter, 1982) and altered diffusivity of substrates for microbial activity (Moyano et 
al., 2013) cannot be ruled out.  
The amount of carbon emitted from soil during peaks associated to rain events 
was significant: for example, the two cumulated peaks in Fig. 3.4a were 
responsible for an emission of  ~ 916 g CO2 m-2 in the period from 22 August to 
30 October, whereas during the entire drought season (from 13 June to 21 
August) there was a cumulative emission of only ~ 478 g CO2 m-2 (Table 3.1). 
The total amount of carbon released for the Birch effect in 2012 can be estimated 
to be approximately 1700 g CO2 m-2, approximately 50% of the total annual RS ( ~ 
3300 g CO2 m-2).  
Table 3.1 
Ecosystem (NEE, GPP, Reco),and soil (RS) carbon fluxes derived combining data from 
eddy covariance and soil respiration chamber methods during the two contrasting periods 
of 2012 warm season (June to October). Values refer to two time windows of equal 
temporal length (70 days) and, therefore, are directly comparable. Autotrophic 
aboveground respiration (RA-above) was estimated subtracting RS to Reco. DOY is day of 
year. 
 
 Warm-dry period Warm-wet period  
 
DOY 165 – 234 
(13 June – 21 August) 
DOY 235 – 304 
(22 August – 30 
October) 
Variation % 
 
NEE (g CO2 m-2) 58 790 +1262 
GPP (g CO2 m-2) 1558 1276 -18 
Reco (g CO2 m-2) 1616 2066 +28 
RS (g CO2 m-2) 478 916 +92 
RA-above  (g CO2 m-2) 1138 1150 +1 
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As reported in Fig. 3.4a, Reco showed a similar response to water pulses as RS. 
For the entire year 2012, RS explained 54% of the temporal variability of Reco (Fig. 
3.6a). During the course of the year the contribution of soil carbon emissions to 
Reco was quite variable, ranging from value as low as 20% in the dry season up to 
80% in the wetter months. Fast and large increments of RS/Reco occurred after 
rain events (Fig. 3.6b). Although Reco integrates both soil and above ground 
autotrophic respiration, in the immediate period after rainfall RS (and in particular 
heterotrophic respiration) responds to transient increases in superficial soil water 
availability faster than above ground autotrophic respiration. In contrast, during 
drought RS is strongly depressed by low SWC and therefore most of the 
ecosystem carbon release can be attributed to above ground respiration (Table 
3.1).  
The relationship between Reco and SWC when temperature was not a 
confounding factor, shows that Reco rapidly increased as SWC increased from 5% 
to 15% (Fig. 3.7a). At higher SWC however the response levels off. Large 
 
 
Figure 3.6 
Relationship between ecosystem (Reco) and soil (RS) respiration (A) and daily RS/Reco 
temporal evolution during the course of the entire 2012 year (B). Reco values in both 
panels are mean hourly eddy covariance values measured at the same time of RS 
measurements. Vertical black bars in panel B denote daily precipitation. 
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variability in Reco fluxes was measured when SWC was below 5% (data enclosed 
by a circle in Fig. 3.7a). A closer examination of the dataset revealed that those 
points derived from dry summer days with no precipitation. Excluding dry days 
from the analysis the fraction of Reco variance explained by SWC increased from 
0.49 to 0.62. This indicates that the relationship between Reco and SWC was 
stronger on wet days. Soil temperature affected Reco in a similar way to what has 
been previously described for RS (see Fig. 3.3b) with a temperature sensitivity 
coefficient (Q10) of 3 and an r2 of 0.89 (Fig. 3.7b). 
Carbon losses associated with respiration peaks due to warm season water 
pulses had a dramatic impact on carbon balance as highlighted by the strong net 
carbon emissions at the ecosystem level (see arrow in Fig. 3.2b). Thanks to high 
resolution eddy covariance data it could be quantified that between DOY 235 and 
304 there was, at the ecosystem level, a net loss of carbon of 790 g CO2 m-2 
while during the drough the ecosystem was almost carbon neutral (Table 3.1). 
 
 
Figure 3.7 
Response of ecosystem respiration (Reco) to change in (A) superficial (0 – 10 cm) soil 
water content (SWC) during the warm period (1 June to 31 October) when soil 
temperature was not a confounding factor and (B) superficial (3 cm) soil temperature 
when SWC was adequate. The vertical line of Reco values inside the oval of panel A were 
measured in extreme dry days. When dry days were excluded from the regression 
analysis the coefficient of determination raised to 0.62.  
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Moreover, these data quite strikingly indicate that during the rewetting phase in 
the last part of the warm season the increase in ecosystem emissions was 
entirely due to soil carbon since above ground respiration did not show significant 
variations with respect to the warm-dry period (data in Table 3.1 are directly 
comparable since they refer to two time windows of the same length). Indeed, 
during drought deep-rooted trees are expected to be more tolerant to water 
stress thanks to their ability to access deep water reserves. At the same time 
they are less affected, at least in the short period, by rapid increases in superficial 
water availabilty following water pulses (Carbone et al., 2011; Huxman et al., 
2004b; Ogle &  Reynolds, 2004). In a recent work, Carbone et al. (2011) also 
found that pine physiologic processess such as photosynthesis and transpiration 
were not enhanced by transient warm season soil moisture inputs and that 
microbial respiration dominated RS pulses. On the contrary, the contribution of 
autotrophic respiration (in that study the authors assessed only root respiration) 
was more important during the wettest winter and spring months when pine 
physiological activity was greatest. The low GPP derived from eddy covariance 
measurements during wet days can be related to lower photosynthetic active 
radiation due to cloud coverage associated to rainy days and the shortening of 
daylight hours in late summer / autumn. 
Taken together, these results indicate that the temporal distribution of rain events 
is an important factor controlling carbon fluxes both at the soil and ecosystem 
level. Since the variability in timing and intensity of precipitation is predicted to be 
exacerbated by climate change both at global and regional scales (IPCC, 2013; 
Trenberth, 2011; Trenberth et al., 2003) it is important to better understand how 
seasonally water limited ecosystems such as Mediterranean-type ecosystems will 
respond to such changes. A statistical analysis of precipitation events at the San 
Rossore experimental site over the last 90 years showed that the number of rainy 
days during the warm season (June to October) decreased only slightly (- 4%). 
On the other hand, the intensity pattern changed significantly: the number of days 
with medium size rainfall ( ≥ 5 mm and < 10 mm) has increased by 10%  whereas 
the number of the days with large rainfall events ( ≥ 10 mm) decreased by 15% 
(data not shown). 
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In addition, this analysis revealed an increased dichotomy in the temporal 
distribution pattern of precipitation, with July and August (warm-dry months) 
experiencing a 26% reduction in the number of days with medium size rain 
events and an opposite trend for September and October (warm-wet months) 
when an 8% increase in medium size rainfall was recorded. Large rainfall events, 
on the contrary, decreased both in the dry and wet season periods (-17% and -
12% respectively). These patterns suggest a trend towards more persistent 
drought periods followed by intermittent rewetting phases at the end of the warm 
season as observed in 2012. 
Because from these results it is expected that rain events larger than 5mm can 
trigger huge releases of carbon from the forest soil, expecially when rains happen 
after prolonged drought, this shift toward more frequent medium sized rain events 
alternating with interpulses of dry-out periods could be detrimental to the 
ecosystem carbon balance and trigger net carbon releases to the atmosphere. 
 
3.4 Conclusions 
 
The summer of 2012 was the driest in the last 77 years, with a total of only 7 mm 
of rain from June to late August. From the end of August several intermittent 
medium sized rain events caused quick transient boosts in superficial SWC 
followed by dry-down periods during which SWC almost returned to basal 
summer values. Through a combined methodological approach using both high 
resolution continuous eddy covariance data and frequent periodic soil respiration 
measurements, it was possible to follow the temporal evolution of carbon fluxes 
and to partition ecosystem emissions into soil and above ground autotrophic 
respiration.  
During the drought season soil carbon efflux was limited by low SWC and 
reached annual minimum values, whereas large emissions of carbon were 
recorded after rain events. The increase in soil respiration was particularly 
intense when water pulses occurred on warm soil that was dry for several 
consecutive days. These wet-days warm-soil respiration peaks contributed to 50 
– 70% of the total ecosystem respiration and released an amount of carbon twice 
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the emissions of the entire dry season, thus accounting for a large fraction of the 
ecosystem annual carbon balance assessed by the eddy covariance technique. 
When water availability was not limiting respiration, both soil and ecosystem 
respiration showed a strong dependence on soil temperature and had similar 
temperature sensitivities. This was the reason for the strong suppression of soil 
respiration in 2012 winter months when a cold spell hit Italy and caused a low 
temperature anomaly.  
The fast temporal response to sudden SWC increases suggest that these 
emissions originated from heterotrophic respiration in the litter and in the first few 
centimeters of the soil profile. The combined analysis of eddy covariance and soil 
respiration data allowed to partition total ecosystem respiration into soil and 
above ground respiration and to asses that carbon releases of autotrophic origin 
were not significantly affected by the dichotomic temporal distribution of the 
rainfall experienced in 2012 warm season. Finally, this suggests that 
heterotrophic respiration is the component of the ecosystem that is most sensitive 
towards scattered precipitation patterns, at least for short periods. 
As shown, these findings confirm previous studies performed in several other 
Mediterranean-type ecosystems worldwide and suggest that an increase in the 
number of medium sized rain events at the expenses of larger rainfall could 
dramatically impact the carbon balance and determine the fate of  the ecosystem 
of being a net carbon sink or source. 
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Appendix 
Daily and monthly time course of ecosystem fluxes 
and environmental variables in 2011 and 2012 
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